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STJUFUR SYMPOSIXM 

Tliis is&ue of Soil Science is entirely devoted to a scries of papers on sulfur 
ihal were presoniod before the Division of Fertilizer Chemistry of the American 
Chcsmical Society at its annual fall meeting held in the Convention Hall at 
Atlantic City, New Jemy, on Tuesday, September 20, 1949. The meeting was 
attcndcii by M)nie 200 chemists who wei’C interested in knowing more about 
sulfur lelationships in soils, microorganisms, and crop plants and the extent to 
which sulfur may have value as a constituent of fertilizers. These papers pre¬ 
sent a fairly complete picture of our knowledge of this element in idation to 
agriculture. Wo arc pleased to publish them for the benefit of the readers of the 
Journal. 

Firman E. Bear 


SHLFIIR IN THE AMERICAN FERTILIZER INDUSTRY 

VINCUNT SAlTCUKLIiP 
The Uaiu on Ckrintcnl Corporaiion, BalUnuno 

Sulfur o«H‘U]>ich a iirc-emincnt ])lacc in ugriculture: it is an indispensable 
plant nutrient; a valuable fungicide; and a chemical raw material necessary in 
the manufacture of the largest world-wide single commercial fertilizer—super¬ 
phosphate- and such other plant-nutrient carriers as the sulfates of ammonia, 
potash, calcium, copper, manganese, zinc, magnesium, and cobalt. For more 
than a century, sulfur-containing fertilizers have been increasingly used in 
agriculture; the history of the .Milfur industry therefore parallels that of com¬ 
mercial plant food. Agriciilture is the largest consumer of sulfur; in fact, con¬ 
sumption of sulfur by agriculture reflects the economic position of the farm 
community. Industry I'onsumes sulfur in the form of sulfuric acid and not as 
the eleni(>nt. A[)proxini«t(*ly one third of the total production of sulfuric acid 
in this country—about ‘.ify million tons (100 ptu- cent basis)—is used in the 
manufacture of commt'nual fertilizi'ra. 

inBT01U<’.V,L KEVIKW 

Early in the 19th c(‘ntury .bistus von Ijiebig in Germany was able to prove, 
on the basis of car(>fnl stiwHes, that plant life feeds on mineral substances and 
not, as was held by many up to that time, upon the organic material of manure 
and similar mat ter in the soil. lie furtlier showed that phosphorus from bones 
would bo more ciuickly accessible to plant roots if the bones were first treated 
with suFuric acid. This di.s<!ovovy led Sir John Lawes in England to treat min¬ 
eral phosphates, such as coprolitcs, with sulfuric acid. lie succeeded in getting 

‘ Tho autlioi is indobtod to Robert Knvnk of Chemical Coasliuotion Corporation, New 
York, and to T. H. llarvty of .Mousunio Oliemical (’ompany, St. Louis, foi many helpful 
suggesUons. 
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similarly favorable results on plant growth with these acid-treated mineral 
phosphates. By commercializing this knowledge, Lawes laid the foundation of 

TABLE 1 


Location of sulfuric add pltmts in the United States* 


STATE 

1939 

1946 

Contact 

Chamber 

Contact 

Chamber 

Alabama. 

2 

6 

2 

6 

Arizona. 

1 

1 

2 

1 

California. 

6 

— 

8 

— 

Colorado. 

1 

— 

1 

— 

Connecticut. 

1 

1 

1 

1 

Delaware. 

1 1 

— 

1 

— 

Florida. 

1 

3 

2 

6 

Georgia. 


13 

— 

15 

Illinois. 

5 

5 

7 

6 

Indiana. 

3 

1 

3 

1 

Kentucky. 

1 

— 

1 

0 

Louisiana. 

2 

3 

3 

3 

Maine. 

— 



— 

Maryland. 

2 



6 

Massachusetts. 

1 



1 

Michigan. 

1 

2 

2 

2 

Mississippi. 

— 

3 

— 

3 

Missouri. 

2 

— 

2 

— 

Montana. 

— 

1 

— 

1 

New Jersey. 

6 

5 

7 

5 

New York. 

2 

2 

2 

1 

North Carolina. 

— 

8 

1 

8 

Ohio. 

5 

9 

6 

9 

Oklahoma. 

2 

— 

2 

— 

Pennsylvania. 

10 

6 

10 

5 

Bhode Island. 

1 

— 

1 

— 

South Carolina. 

— 

8 

— 

8 

Tennessee. 

1 

4 

1 

3 

Texas. 

4 

1 

7 

1 

Utah. 

1 

— 

1 

— 

Virginia. 

3 

— 

4 

6 

Washington. 

1 

6 

1 

— 

West Virginia. 

1 

— 

1 

— 

Wisconsin. 

2 

1 

1 

— 

Wyoming. 

1 

— 

1 

— 

Total. 

70 

95 

85 

97 


♦Source: U. S- Bomestic Commerce. 


today’s vast rock phosphate-superphosphate world industry*^The growth of 
this industry was given impetus by the discovery of high-grade rock phosphates 
in South Carolina shortly after the Civil War, and it continued its remarkable 
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development with successive discoveries of rock phosphate deposits in Florida, 
Tennessee, the Pacific Islands, North Africa, and the Rocky Mountains. In 
1947, the world produceil about 19 million tons of superphosphate (20 per cent 
basis), of which the United States produced more than 9 million tons. 

To convert rock phosphate to 18 to 20 per cent superphosphate requires 
approximately equal weights of the finely ground rock and 50° B4 sulfuric acid. 
The process is economical and efficient and for more than a century has been 
able to hold its predominant position in the trade against all competitors. Thus 
fertilizer practices have linked sulfur and phosphates in a close bond through¬ 
out this long period. 

To make sulfuric acid it is necessary to convert the sulfur to sulfur dioxide, 
further oxidize it to sulfur trioxide in the presence of a catalyst, and then cause 
the tiioxide to react with water. The process itself is relatively simple. Sulfur 


TABLE 2 

Growth of aulfune acid plants tn the United States, 1915-194S* 


YSAft 

CSLAXBER 

CONTACT 

1916 

176 

15 

1920 

178 

27 

1925 

152 

37 

1930 

126 

46 

1935 

71 

63 

1940 

96 

74 

1941 

97 

78 

1912 

99 

82 

1943 

100 

86 

1944 

101 

90 

1945 

99 

87 

1946 

97 

85 


* Source; Based on Chemical Engineering and Chemical and Metallurgical Engineering 
atatisilrs. 


for this purpose is derived either from brimstone or from a sulfide, such as 
iron sullide or pyritc, Sulfuric acid has become the leader of the chemical indus¬ 
try because it is a relatively low cost commodity and enters so many chemical 
procobses. In the search, discovery, and development of present supplies of 
brimstone, great men have written one of the most thrilling chapters in our 
amazing modern chemical industry—a chapter filled with all the hopes, courage, 
resourcefulness, and triumph against tremendous odds that are so characteristio 
of all great human adventure. In this history we see the struggle of ambitious, 
greedy men to monopolize and exploit a natural resource for self-gain thwarted 
by the skill and ingenuity of other men who, by developing new technologies, 
succeeded in smashing that monopoly. 

In the early industrial period 1866 to 1890, more than half of the sulfuric 
acid consumed in this country was derived chiefly from Sicilian brimstone. In 
succeeding years new processes were developed, utilizing siilfur from pyrites, so 
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that from 1890 to 1916 pyrites gradually, through lower prices, supplanted 
brimstone. The monopolistic-minded Anglo-Sicilian sulfur interests had kept; 
brimstone prices high above what the market was willing to pay. The first World 
War created so strong a demand for more and higher-quality sulfuric acid that 
the swing started back to brimstone. By 1919 the total amount of acid derived 
from brimstone had increased to almost 50 per cent. Meanwhile, Herman Fras(*h 
developed his process for getting sulfur out of the salt domes of Louisiana. This 
development restored brimstone sulfur to its premier position as llie source of 
world sulfur in the manufacture of sulfuric acid. 

Today, in the t^nited States alone, about 8.25 million tons of 100 per cent 
acid is made from brimstone, 1.25 million tons from p 3 nrites, and about 0.75 
million tons from other sources, mostly smelter gases. Two processes dominate 
the sulfuric acid industry: the chamber, and the contact (tables 1 and 2). 

CHAMBEB ACID 

The earlier process and the one which kept its dominant position until (ho 
turn of the century, was the chamber. In this process, sulfur dioxide is led up 
from burners into acid through the packing of a tower where, meeting counter- 
current a trickling stream of dilute sulfuric acid containing nitrous oxide, it is 
oxidized to suKur trioxide. From this tower the trioxide goes into large lead- 
lined chambers (which give the process its name), where reacting with lino 
sprays of water, it forms hydrogen sulfate or sulfuric acid, which collects on the 
floor. The acid so formed is relatively weak—about 62 to 70 per cent strength, 
which corresponds to 50® to 55° B6 acid—^and contains some impurities ob¬ 
jectionable to the chemical industry. 

CONTACT PROCESS 

The chemical industry generally, however, had to have stronger and purer 
acid than the chamber quality, and its demand stimulated interest in contact 
processes. The first contact acid plants were relatively high in investment cost 
and rather diflScult to operate. Their ability to compete at all with existing 
chamber plants was due primarily to their production of acid of higher strengtli 
and quality. Before the first World War only about 20 per cent of tlie country's 
suKuric acid plants used the contact process; the number gradually increased, 
until in 1947 the production of contact acid comprised about 10 million tons 
out of a total of some 12 million tons. Most fertilizer companies still operate 
their old chamber plants; but replacements with contact plants is underway. 
The change-over is bound to continue. In the Baltimore area, for example, 
IVlathieson and Davison, two of the largest producers, have each converted 
most of their acid production to the contact process. 

In the contact process the conversion of siilfur dioxide to the trioxide is ac- 
compMied directly by means of a catalyst. Originally platinum was used as 
&e catalyst; but impurities, such as arsenic, in the gases poisoned it, making 
it necessary to design a umt to reduce this hazard. The regeneration of the 
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poisoned catalyst lequirod elaborate purification equipment. The subsequent 
use of nonpoisonable vanadium catalyst overcame these shortcomings and un¬ 
doubtedly was one of the factors favoring the installation of contact plants. 

By the end of the first World War the contact process had not made much 
progress. The plants were designed almost entirely for handling pyrites, ■which 
involved extensive gas cooling and cleaning equipment between the roasters and 
the acid plant. Perhaps the only big improvement made at that time was to 
substitute sulfur and thus eliminate the dust factor. In that period a good 
chamber plant that could produce an acid of, say, 60° had the advantage in 
acid cost over a contact plant; whereas for 66 ° B 6 or stronger acid, the contact 
plant had the advantage. 

Then in 1925 Monsanto introduced a perfected vanadium catalyst which 
was not affected by arsenic or chlorine, two elements that readily poisoned the 
platinum catalyst. This eliminated the elaborate purification facilities required 
with the platimun catalyst. Further improvements followed, and by the second 
World War acid manufacturers had available four-pass converter tsnpes of con¬ 
tact plants capable of converting more than 200 tons of acid a day. Today 
contact plants are designed, at much lower cost, capable of handling an 8 to 
10 per cent sulfur dioxide with a 96.9 per cent conversion; a prewar plant rated 
at 150 to 160 tons a day is now capable of producing 200 tons with the addition 
of only a small amoimt of vanadium catalsrst. 

The contact process produces a much stronger acid than chamber acid and 
will not corrode iron, whereas chamber acid has to be kept in expensive lead- 
lined vessels. Less space is required in the contact process to produce the same 
amount of acid. Modem superphosphate manufacturers prefer using 56° Bd 
acid (71.2 per cent E 2 SO 4 ). Higher strength contact acid can be diluted on the 
spot with the evolution of heat. Taking advantage of this heat, one can obtain 
the proper temperature of the acid for acidulation. Chamber acid, on the other 
hand, must be heated to the proper acidulating temperature, especially in 
northom rofpons during winter. 

Financial considerations cannot be ignored, especially in the fertilizer indus¬ 
try, which operates on a narrow margin of profit. At today’s prices, the capital 
investment, raw' materia Ik, and operating costs generally favor the contact 

piWCSH. 


I’YRITBS AND BRIMSTONE 

The relative position of pyrites and brimstone in the sulfuric acid industry 
has been sugS!<*Rt®d. Psrrites came into use when Sicilian sulfur was increased 
from $20 to $70 per metric ton. This sharp increase stimulated the search for 
satisfactory substitutes. In 1833 Michel Ferret of France developed a process 
for getting sulfur dioxide from iron pyrites by roasting them at 900 to 1,000°F. 
Germany and other European countries quickly installed facilities. As improve¬ 
ments were made in the process, more units wore installed, and by 1880 most 
European coirntries had completely s'witchod to psrrites. The process did not 
make the same gains in the United States. Subsequently, discovery of sulfur 
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in the salt domes of the Gulf States and the success of the Frasch process enabled 
brimstone to hold first rank in this country. 

Brimstone has definite advantages over pyrites, primarily economic, which 
in the long run always determine the issue. Some comparisons will bring these 
out: First, only about 40 per cent of p 3 uites is converted to sulfur dioxide, as 
against 98 per cent of brimstone. Economies in frei^t, in fuel consumption, 
and in size of furnace grates favor sulfur burning. Pyrites produce an iron oxide 
residue which has to be handled, sintered, and nodulized to render it acceptable 
to the steel industry. Hiese operations add to its shortcomings. The total cost 
of a pyrites roasting plant is rou^y about 2.5 times that of a sulfur-burning 
plant. The labor and maintenance costs of the pyrites roaster plant make it 
relatively uneconomical If the chamber process is used with pyrites, the con¬ 
sumption of nitrous oxide is about twice as hi^ as in a brimstone plant. 

The use of pyrites at present, however, is by no means negligible. It is esti¬ 
mated that in 1948 about 5 million tons of pyrites were consumed, of which 
more than 1.25 million tons w^e obtained in Spain. Those interested in its 
survival are making improvements to maintain a competitive position. For 
example, one of the latest developments is flash roasting. This improvement 
involves a flotation process for concentrating ores, resulting in a product of 
100- to 200-mesh size. These fines are fed into a vertical kiln from the top, and 
as they drop throu^ a coimter current of air they bum completely by the time 
they reach the floor of the kiln. 

Pyrites and brimstone have been in competition many years. Which will 
eventually survive and dominate is anybody’s guess. Economic factors will 
certainly give the ultimate answer. So long as brimstone can be obtained in as 
pure a form and at relatively low costs as at present in Texas and Louisiana, 
and so long as new salt domes are discovered, brimstone will perhaps dominate 
the American sulfunc acid scene. The competition between these two sources 
of sulfur is a healthy factor in our chemical industry. 

SXJPEBPHOSPHATE 

At present, 94 out of a total of 191 superphosphate plants, roughly half, have 
co-existang add facilities. Some superpho^hate manufacturers also obtain their 
add requir e ments from the spent add of the petroleum and explosives industries, 
some get add from ore smelters. As has been mentioned, the superphosphate 
industry operates on a narrow margin of profit, producing a low-cost commodity, 
and thmefore must take advantage of every jrossible factor to keep the unit 
production cost down. The location of a plant close to a cheap, dependable source 
of add is a distmct advantage. That, for example, is why so many superphos¬ 
phate plants ate located not far from the great Copper Hill plant of the Tennessee 
Corporation. The add manufacturer starts production with sulfur diox ide . He 
bums brimstone or roasts p^tes to get the initial sulfur dioxide. Many ore 
smeltets already have sulfur dioxide in sufficient strength in their gn«As to permit 
lecovmy and conversion to sulfunc add. Some of these smeltera produce super¬ 
phosphate as a means of profitably utilidng such waste gases. 
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IMPORTANCE OP SUIiPUR PERTILIZERS TO PLANTS 

Sulfur is recognized as an essential plant nutrient. Until recently, many 
agronomists took sulfur for granted. Recent investigations, however, have shown 
that in many soils here and abroad sulfur is deficient and has to be replenished 
to maintain crop yields. It is not fully appreciated in all quarters that the super¬ 
phosphate industry has made a generous contribution to agriculture’s sulfur 
requirements wherever its product has been used as a fertilizer. In the reaction 
between rock phosphate and sulfuric acid about half the weight of the resultant 
superphosphate is calcium sulfate. In other words, about 12 per cent of normal 
superphosphate is sulfur capable of feeding plants. The use of calcium sulfate 
or gypsum in agriculture as a source of calcium and sulfur is one of the oldest 
established practices. Benjamin Franklin was one of the first to sponsor it in 
our country. The superphosphate industry, strange to say, has in its sales efforts 

TABLE 3 


Sulfuric add consumed by fertiliser industry in the United States {100 per cent basis), short 

tons and percentage of total* 


YEAR 

SHORT TONS 

PERCENTAOB OT TOTAX. CONSU1£BO 

1939 

1,225,000 

24.6 

1940 

1,410,000 

24.6 

1941 

1,556,000 

22.7 

1942 

1,830,000 

23.5 

1943 

2,500,000 

28.8 

1944 

2,640,000 

28.3 

1945 

2,850,000 

31.1 

1946 

3,020,000 1 

34.9 

1947 

3,510,000 

35.2 


* Source: Based oa Chemical Engiueeriag and Chemical and Metallurgical Engineering 
statistics. 


emphasized Ihe phosphorus but ignored the sulfur portion of its product. Rec¬ 
ognition should l)e given to this sulfur content. Farmers and agricultural workers 
should be made aware of its importance. Some persons clamor for higher analy¬ 
sis materials. To produce those it is often necessary to refine to a very high 
degree. For example, many insist on having a 48 per cent concentrated super¬ 
phosphate in place of a 20 per cent grade. To produce the concentrated form 
by the wet process the manufacturer removes all the calcium sulfate portion, 
leaving virtually nothing but monocalcium phosphate. If concentrated were to 
supplant the 20 per cent grade, it would not be long before the soil in many 
parts of the country might become seriously low in sulfur, which would have 
to be applied separately as a nutrient. This sort of thing has occurred with 
potash salts; as kainit and other manure salts containing magnesia were re¬ 
placed by refined, high grade muriate, it became necessary to apply magnesia to 
the depleted soils. 

Other fertilizer materials, of course, contain sulfur and help maintain sulfur 
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supplies in soils. Among those used in large quantities are sulfate of ammonia 
with a sulfur trioxide content of about 60 per cent (69.67 per cent); sulfate of 
potash-magnesia, with about 57 per cent SOs (56.76 per cent); and 16-20 am¬ 
monium phosphate-sulfate, with about 39 per cent SO 3 (38.49 per cent). Super¬ 
phosphate, by the way, has 29.09 per cent SOs. 

Evidently, then, sulfur occupies an important place in the fertilizer indiistiy 
(table 3). It is closely linked with the manufacture of superphosphate, for 
which about 3.5 million tons 100 per cent basis sulfuric acid is used annually, 
and with such other fertilizer materials as sulfate of ammonia, 16-20 ammonium 
phosphate-sulfate, and sulfate of potash. Its importance as a plant nutrient 
should receive greater recognition by all who are concerned with agriculture. 



SULFUR CONTENT OF VEGETATION 

MOYER D. THOMAS, RUSSEL H. HENDRICKS, and GEO. R. HILL* 
American Smelting and Refining Company^ Salt Lake City 

Although sulfur is an essential constituent of vegetation, only limited infor¬ 
mation is available in the literature concerning the range of concentration of 
the element in normal and abnormal plants and the nature and distribution of 
the different sulfur compounds. As was pointed out by Hart and Peterson (4), 
the early analyses of vegetation, which were carried out on ashed material, are 
unreliable because most of the organic sulfur was lost in the ashing process. 
Values 2 to 100 fold higher have been found by the peroxide fusion methods or 
by one of Ihe wet-ashing methods (3). 

REVIEW OE LITERATURE 

Peterson (0) in Wisconsin analyzed a number of different plants for sulfaie, volatile, 
soluble, insoluble, and total sulfur. Cabbage and rutabagas contained 0.08 and 0.10 per cent 
volatile sulfur and 0.62 and 0.51 per cent total organic sulfur, respectively. Only trace 
amounts of volatile sulfur were found in alfalfa, sugar beets, clover, grains, and grass. Other 
organic sulfur values were as follows: alfalfa plants 0.18 and 0.28 per cent; clover 0.11 and 
0.16 i)er coni; radish 0.17 to 0.40 per cent; dried rape 0.16 to 0.49 per cent; and sugar beet 
tops 0.38 per cent. 

Shedd (10) analyzed soybeans, clover, and alfalfa plants from eight different counties in 
Kentucky and found total sulfur ranging from 0.20 to 0.30 per cent in soybeans; 0.21 to p.30 
per cent in clover, and 0.28 to 0.46 per cent in alfalfa. After subtraction of the sulfate sulfur,- 
there remained tw organic sulfur 0.16 to 0.26 per cent in soybeans; 0.13 to 0.16 per cent in 
clover; and 0.18 to 0.24 per cent in alfalfa. Sulfur fertilizer raised the total and sulfate 
values but did not change the organic fraction appreciably in clover and alfalfa. In the 
soybean there was a small significant increase in the organic sulfur. 

Eaton (1) grew soybeans in sand culture with adequate and deficient supplies of sulfur. 
The plus-sulfur leaves carried 0.43 per cent total and 0.21 per cent organic sulfur. The 
minus-sulfur leaves carried 0.34 and 0.23 per cent respectively. 

Miller (8) in Oregon ma<l<‘ similar observations on clover and rape with and without 
addition of nitrate and various sulfates to the soil. The clover plants carried total sulfur 
ranging from 0.10 to 0.41 per cent, depending on the treatment. The organic sulfur ranged 
from 0.11 to 0.20 per cent and showed no consistent effect of sulfate fertilizers, though 
nitrat(^ alom* t<‘rj<l(»d to lower the sulfur value below the check. Total sulfur in the rape 
plants range<l from 0.10 to 3.28 per cent, depending on fertilizer treatment; organic sulfur 
ranged from O.l I to 0.43 per (sent. Addition of sulfate to tho soil increased the organic sulfur 
level of rape plants aboul 0.2 per cent. 

Hall (2), who analyzed alfalfa plants from Illinois, Iowa, and Kansas, found contents of 
0.37 to 0.^ per cenl. total sulfur and only 0.010 to 0.044 per cent sulfate sulfur. Tho differ¬ 
ences, ropreseuting organic sulfur, are much higher than the organic sulfur values found by 
other investigators. Tho discrepancy appears to lie in the sulfate values. 

Many investigators, for example, McCool and Johnson (6), and Katz and McCallum 
(5, p. 104), have shown that vegetation in urban and industrial districts absorbs sulfur 
dioxide from tho atmosphere, causing a significant increment of the sulfur content of the 

^ Grateful acknowledgment is made to P. S. Harris of the Utah State Agricultural Col¬ 
lege, George Stewart of tho U. S. Forest Service, and A. P. Barney and L. V. Olson of our 
staff for collecting many ef the samples of vogolation. 
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leaves. The former foimd that on a given type of soil there was usually a decrease in the 
total and the sulfate sulfur of the plants with distance from the city center. This was true 
both for East St. Louis, Illinois, and for Camden,* New Jersey. McCool and Mehlish (7) 
foimd that most of the soils in these two localities were not significantly affected by years 
of exposure to the industrial atmospheres. Titrable acidity of Yazoo clay ^nd the sulfur 
content of Memphis silt loam decreased slightly but significantly with distance from the 
city centers of East St. Louis and St. Louis. 

Katz and McCallum (5) were able to correlate the sulfur content of the leaves of trees 
and shrubs with distance down the narrow Columbia River Valley from the Trail Smelter. 
Douglar fir, which normally had about 0.10 per cent sulfur in its needles, accumulated sulfur 
until the 4- or 5-year-old needles had a range from 0.75 to 0.20 per cent, depending on the 
distance down the valley. Similar relations were found for yellow pine except that the sulfur 
range was from 0.60 to 0.15 per cent. Absorption of sulfur dioxide occurred during the 
growing season only and was practically zero during the winter months. Each year for 3 
or 4 years the needles absorbed an appreciable increment of sulfur then remained unchanged 
in sulfur content for a year or two before being shed. Larch, hazel, ninebark, and aspen 
leaves absorbed about the same percentage of sulfur in one season as the nearby conifer 
needles absorbed in 4 years, and showed about the same sulfur gradient with distance down 
the valley as did the conifers. 

Thomas, Hendricks, and Hill (13) fumigated alfalfa with sulfur dioxide and raised the 
total sulfur content of the leaves from 0.37-0.68 per cent to 0.81-2.26 per cent. Tho organic 
sulfur content of the leaves ranged from 0.23 to 0.29 per cent before fumigation and from 
0.23 to 0.34 per cent after fumigation. Of the added sulfur 97 per cent was accounted for as 
sulfate. A significant increment of 'fiabile” sulfur (probably cystine sulfur) amounting to 
0.01-0.04 per cent was noted as a result of the fumigations. The increment was greatest when 
the nutrient solution was deficient in sulfur. A similar result was obtained with sugar beets. 
Other studies (11) in which the radiosulfur was supplied either as sulfur dioxide through 
the leaves or as sodium sulfate through the roots have shown that the sulfur is rapidly 
converted into organic form, which appeared to be largely cystine or methionine. 

Thomas et aL (12) found 0.12 per cent sulfur in the tops or 0.26 per cent in the leaves of 
alfalfa growing in a nutrient solution deficient in sulfur. In a solution with adequate sulfur, 
the tops contmned 0.30 and the leaves 0.60 per cent. The roots of these low- and high-sulfur 
plants had 0.05 and 0.20 per cent and the hmr roots 0.37 and 0.83 per cent, respectively. 
The alfalfa showed sulfur-deficiency symptoxxis if the level in the nutrient solution fell 
below 2 p.p.m. sulfate sulfur. 


MATEEIALS AND METHODS 

Prom 1935 to 1939 an extensive survey was made to determine the sulfur 
content of vegetation throu^out the western part of the United States. Samples 
of many species of plants were collected in localities representative of as many 
ecolo^cal conditions as possible. Soils of low and high sulfur content were 
sought, including sulfur-deficient, normal, gypsum, and saline soils. Humid and 
arid r^ons were sampled. Urban and industrial environments Were compared 
with isolated rural regions. Species having a wide distribution were collected 
to obtain as comprdhiensive a picture as possible. 

Total sulfur analyses were made by the Parr bomb on 0.7-gm. samples of 
air-dried material. As none of the plants included in this study had an apprecia¬ 
ble quantity of volatile sulfur compounds, air-drying was permissible. The* 
bombed material wan dissolved in hot water and acidified to a definite excess of 
•1 1 ^, of HCl. The solution was then filtered, diluted to about 360 ml. and pre- • 
capitated hot with an excess of BaCh. After standing cold 1 day the solutions 
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were stirred, and if necessary were “seeded” with a trace of BaSOi. The solutions 
were then allowed to stand at least 6 or 6 da 3 ^ longer before filtration on No. 
00 Swedish paper. The precipitates were ashed and weighed in platinum cru¬ 
cibles. With this technique, excellent concordance of duplicate determinations 
was invariably obtained, the maximum deviation between the duplicates being 
1,6 mgm. BaS 04 , which is equivalent to 0.03 per cent sulfur in the vegetation. 
A large majority of the determinations agreed within 0.3 rngm. 

The “seeding” operation and long standing seem to be necessary with materi¬ 
als containing less than 0.1 to 0.2 per cent sulfur. In some of the earlier analyses 
no precipitate was found in 3 days’ standing, without “seeding.” These samples 
frequently yielded 0.1 to 0.2 per cent sulfur when subsequently analyzed by the 
technique described. Elven with larger amormts of sulfur there was a sli^t 
additional precipitation after 3 days’ standing; it was considered advisable, 
therefore, to allow the solutions to stand about a wedc. A number of solutions 
allowed to stand several months gave no hi^er values than those obtained 
within a week. 

Except for a few of tho earlier analyses, in which there was insufficient ma¬ 
terial to repeat the determinations, all the results reported were obtained by 
the improved technique. Some of the determinations which yielded about 0.05 
per cent of sulfur are believed to be somewhat low. 

RESULTS 

Table 1 summarizes total sulfur analyses of a large number of samples of 
leaves from trees, shrubs, and halophytic plants growing in rural regions through¬ 
out the 11 Western States, far removed from any industrial air pollution. The 
natural habitats of the plants were sampled priinaiily, but whenever possible, 
samples were also taken from saline or gypsum soils in the arid valleys, including 
a few halophytes from the “alkali” spots for comparison. Most of the leaf 
samples had rather low concentrations of sulfur, from 0.1 to 0.3 per cent. The 
conifer noodles were particularly low, averaging 0.1 per cent, but a few samples 
were found with two to four times this amoimt. As already noted, Katz and 
McCallum (5) found 0.2 to 0.8 per cent sulfur in conifer needles from an indus¬ 
trial area. With the exception of single samples of locust, chokecherry, and 
elderberry, tho only hi^ concentrations wore found in the populus, olive, and 
willow. Those trees can tolerate, or even thrive in, a saline environment and 
their leaves can take up more than 1 per cent sulfur. The halophytes, except 
salt grass, had tho expected large concentrations, which were mostly sulfate 
(plus chloride) (table 6). The salt grass seems to adjust itself to its environment 
by excluding the salt rather than by absorbing it. The others absorb large 
amounts of salt. 

Table 2 gives total sulfur for the leaves, stems, and blossoms of alfalfa and 
fweet clover. Both rural and industrial areas are considered. The two legumes 
exhibit a 9 to 12 fold range of sulfur concentrations in their leaves. The range is 
much smaller in the stems and blossoms. The stems have about one fourth and 
blossoms about direo fifths as much sulfur as the leaves. The leaves show wider 
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variations in the rural than in industrial areas. This statement needs qualifica¬ 
tion. Plants in an industrial area should contain mote sulfur than strictly com¬ 
parable plants in a rural area because of absoiption of sulfur dioxide, as is 
suggested by the higher TnininuiTti values of the former in table 2. Though the 

TABLE 1 


Sulfur content of leaver of plants growing in nonindustrial areas throughout the il Western 

States 


PLANTS 

NUMBEX OF 
SAHPLES 

STJLFTTX (S) CONTENT 

Mom mum 


Avenge 



per cent 

per cent 

per cent 

Conifers (pine, spruce, and juniper) 





1st year needles. 

66 

0.04 

0.25 

0.11 

2nd year needles.. 

73 

0.07 

0.37 

0.11 

3rd year needles. 

28 

0.06 

0.26 

0.10 

4th year needles. 

28 

0.04 

0.22 

0.10 

5th year needles. 

22 

0.05 

0.22 

0.11 

Deciduous trees 





Box elder. 

9 

0.20 

0.30 

0.24 

Locust. 

22 

0.20 

0.59 

0.28 

Maple. 

4 

0.20 

0.37 

0.27 

Oak. 

3 

0.16 

0.19 

0.18 

Peach, plum, and apple. 

8 

0.11 

0.28 

0.20 

Populus. 

1 39 

0.20 

1.16 

0.48 

Russian olive. 

14 

0.32 

0.80 

0.50 

Willow. 

62 

0.13 

1.11 

0.54 

Shrubs and bushes 





Chokecherry. 

13 

0.04 

0.87 

0.19 

Elderberry. 

14 

0.11 

0.83 

0.28 

Oak brush. 

6 

0.12 

0.24 

0.17 

Purshia. 

10 

0.12 

0.20 

0.16 

Sagebrush. 

22 

0.14 

0.37 

0.24 

Rabbit brush... 

11 

0.20 

0.45 

0.31 

Raspberry, serviceberry, snowberry, and 





squawberr^*-. 

29 

0.09 

0.30 

0.20 

Halophytes 





AUenrolfea (bushy samphire). 

2 

1.18 

1.78 

1.48 

Atriplex. 

14 

0.41 

1.70 

0.88 

Greasewood. 

13 

0.36 

1.15 

0.58 

Salicomia. 

3 

0.70 

3.48 

2.04 

Salt grass. 

5 

0.28 

0.48 

0.34 

Suaeda (ink weed). 

3 

1.70 

3.61 

2.94 

Tamarix. 

13 

1.76 

2,89 

2.36 


marimum values appear to be higher in the rural group, leaf sulfur as high as 
these maxima has been obs«ved as a result of a long-time low-concentration 
fumigations with sulfur dioxide in the laboratory (13). The highest values for 
alfalfa (1.6-2.1 per cent) in rural areas were found on saline and gypsum soils 
low in chloride; the lowest values (0.18 per cent) were found in the Pacific 
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Northwest on the suKur-deficient soils derived from the extensive lava flows. 
The latter had little or no sulfate sulfur. 

A number of alfalfa leaf samples from rural Utah are listed in table 3 along 
with the water-soluble sulfate and chloride in the soils on which they were 


TABLE 2 


Sulfur content of leaves^ stems, and blossoms of alfalfa and sweet clover growing in 
nonindustrial and industrial areas throughout the 11 Western States 


HT7MBKK OT 
SAMPLES 

VrLATZON TO 
IKDVSTKIAL ASEA 

1 

STEMS 

LEAVES 

BLOSSOMS* 

» 

Mini- 

mum 

Maxi¬ 

mum 

Aver¬ 

age 

Mim- 

mum 

Maxi¬ 

mum 

Aver¬ 

age 

Mini- 

miim 

Maxi¬ 

mum 

Aver- 
1 age 

Alfalfa 


■■■ 



\per cent 

\p6r cent 






134 




isa 


2.11 




0.34 

86 

n 

liSli 


Ilia 


1.16 



HI 

0.40 


Sweet clover 


21 

Out 



lEI 

0.20 

1.80 

IP 



m 

3 

Ixx 



m 

1.01 

1.13 

IP 

B| 

Bi 

IP 


* Number ol Hamples: alfalfa, 23 in nonindustrial and 11 in industrial area; sweet clover, 
12 in nonindusizisl and 1 in industrial area. 


TABLE 3 

Sulfur content of alfalfa leaves growing on or near saline soils 


UCAV SCLTltt WAXLK-SOL'DBXB SALT IN SUWACB SOIL 


Nonnal 

Chlorotic 

SnUate (S) 

Chloride (G) 

percent 

per cent 

ppm. 

ppm. 

0.58 

— 

20 

89 

0.66 


32 

42 

0.06 

0.87 

37 

56 

0.83 

- 

68 

71 

0.70 

0.04 

81 

06 

1.01 

1.35 

m 

44 

0.40 

- 

224 

155 



1100 

340 

1.00 

— 

1870'' 

17 

1.40 

- 

3220 »• 

40 


* Gypsum. 


growing. The leaf sulfur increased steadily with the soil sulfate when the chlo¬ 
ride was low, but hi^i chloride seemed to depress somewhat the absorption of 
sulfate. 

Table 4 gives total sulfur in the leaves and stems of wheat, barley, oats, rye, 
and peas in nonindustrial and industrial areas. The comparatively low sulfur 
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values in most of these samples reflect the low sulfur content of the soils on 
which they grew. Some of the oat samples, however, were taken from saline soils 
and contain more than 1 per cent sulfur. The contribution of industrial smoke 
is apparent in nearly all crops. 

Table 5 summarizes total, sulfate, and organic sulfur and chlorine in the 
leaves of alfalfa plants growing in saline soils in nonindustrial areas of Utah. 


TABLE 4 

Svlfur content of leaves and stems of grain plants and peas growing in industrial and 
nonindusirial areas throughout the Western States 


znncBBK 07 
84UPLBS 

XELATION TO 
INDUSTRIAL AREA 

STEMS 

LEAVES 

MirifmiiTn 


Aveage 

Minimum 

Maximum 

1 Avenge 

Wheat 



per cetU 

per cent 

per cent 

per cent 

per cent 

per cent 

20 

Out 

0.04 


0.14 

0.19 


BSSa 

3 

In 

0.11 




IB 

IB 

Barley 

20 


IB 



0.17 

0.61 


5 


mm 



0.62 

1.00 

IB 

Oats 

9 



0.34 

0.23 

0.14 

1.10 

0.46 

4 



0.27 

0.21 

0.55 

1.27 

0,88 

Rye 

4 




IB 



IB 

1 


upm 

mill 

IB 



IB 




Peas 

1 

» 



8 

Out 

0.05 





EHli 

1 

la 


|B|H 

■BH 

■MB 

■MB 

1.15 

Total for grains 

53 

Out 

0.04 

0.34 

0.16 

0.14 

1.10 

0.30 

13 

la 

0.10 

0.27 

0.19 

0.33 

1.27 

0.79 


Both greea aad chlorotic leaves are considered. The latter have more sulfur 
than the former, but the two groups of anaijrees overlap and it is probable that 
only those leaves with a very hi^ sulfur content were chlorotic as a result of 
too much sulfate. The chlorine values of the two groups are Himilar and are 
roughly equal to the total sulfur values. The organic sulfur (total minus sulfate 
sulfur) has the same remarkably narrow range (about 0.2-0.4 per cent) which 
has been found for alfalfa in earlier work (11) and by other inv^tigators (1, 8, 
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TABLE 5 


TotaLy sulfate, and organic sulfur and chloride in alfalfa leaves in rural Utah 



TOTALS 

SO 4 .S 

OROAKIC S 

Ci 

Normal leaves 

Minimum... 

Maximum. 

Average (14 samples). 

per cent 

0.38 

1.52 

0.86 

perceitf 

0,20 

1.08 

0.64 

1 

d d d 

per cent 

0.46 

1.86 

0.91 


Chlorotic leaves 


Minimum t .,... - -,,, - r -. - - - 

0.48 

0.26 

— 

Maximum. 

2.11 

1.72 


Average (6 samples). 

1.17 

0.90 



TABLE 6 

Sulfur fractions and chlorine in leaves of plants growing in saline soils in rural Utah 


(Individual samples) 



TOTAL S 

SOt-S 

ORGANIC S 

Cl 


per cent 

percent 

per cwt 

per cent 

Grain. 

0.47 

0.22 

0.25 

1.28 


0.55 


0.25 

0.73 

Foxtail . 

0.44 

0.17 

0.27 

1.77 

Salt grass. 

0.48 

0.21 

0.27 

1.11 

0.23 

0.10 

0.18 

1.61 

Poplar. 

0.87 

0.44 

0.43 

0.22 

1.16 

0.96 

0.20 

0.14 


0.43 

0.27 

0.16 

0.41 

Lambsquartcr. 

0.79 

0.51 

0.28 

2.78 


0.69 

0.37 

0.22 

3.52 

Poverty wood. 

1.70 

1.39 

0.31 

1.62 


1.26 

0.99 

0.27 

2.80 

Atriplox. 

1.26 


0.26 

7.29 

0.05 

0.48 

0.17 

7.24 


0.92 

0.71 

0.21 

3.21 

Groasowood.. 

1.00 

0.80 

0.20 

1.99 

lukwecd (Bujvoda). 

3.51 

3.33 

0.18 

8.77 


1.70 

1.46 

0.24 

6.16 


2.60 

2.29 

0.31 

4.64 

Salicornia. 

3.48 

3.20 

0.28 

4.82 


1.94 

1.77 

0.17 

12.20 

Tamarix. 

2.66 

1.92 

0,74 

4.25 


2.89 

2.18 

0.71 

2.94 


2.69 

2.03 

0.66 

3.80 


2.17 

1.64 

0.63 

3.25 


9). This is tame even though considerable amounts of chlorine were taken up at 
the same time. 
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Table 6 gives analyses similar to the alfalfa data in table 5 for 11 species of 
plants. The very large and variable uptake of sulfate and chloride, particularly 
by some of the haloph 3 rtes, is striking, but the grains and grasses tend to ex¬ 
clude the sulfate while taking up appreciably more chloride. Again the range of 
organic sulfur values is restricted and corresponds to the range in alfalfa for 
all the plants in table 6 except tamarix. The latter has appreciably higher or¬ 
ganic sulfur (about 0,7 per cent) and is comparable with rutabagas and cabbage 
(9). 

In table 7 total sulfur values are given for the leaves of plants growing near 
hot sulfur springs at Steamboat Springs, Colorado, and Thermopolis, Wyoming. 
The lodge pole pine needles came from ge 3 rser areas in Yellowstone Park. The 
latter carried up to three times their normal amount of sulfur (0.12 to 0.30 per 


TABLE 7 

Sulfur content of leaves of plants growing near "hot sulfur springs in Colorado and Wyoming 
and near geysers in Yellowstone Park 



NITKBElt OV 
SAXPZXS 

SDuim coMTsmt 


VjiTimiiTn 

Average 



per cent 

percent 

per cent 

Lodge pole pine needles. 

21 



0.19 

Alfalfa. 

3 


1.61* 

1.14 

Broad-leaf grass. 

3 


2.62t 

1.55t 

Sunflower. 

2 


1.68t 

1.36t 

Poplar. 

2 


1.78 

1.30 

Russian olive. 

1 

— 

— 

1.24 

Willow. 

8 



0.47 


— 

_ 

1.70t 

— 


* Vigorous, healthy plant of good color. ' 
t Acute plus chlorotic markings. 
t Chlorotic leaves on willow. 


cent). They also showed some die-back at the tips, the cause of which is not 
known. It is possible that the needles acquired their excess sulfur from the air 
because the suKate content of the soil was low and there is usually a faint odor 
of hydrogen sulfide near the pools and geysers. At considerable distances from 
the geysers, the sulfur content of the needles was normal. It must be noted that 
the needles of various ages on a tree up to 5 or 6 years had about the same sul¬ 
fur content and did not usually show a trend toward increasing concentration 
with age. There is ev^ a tendency for the first-year needles to contain a little 
more sulfur than the older needles. This would not be expected if the absorbed 
gas were sulfur dioxide (5). 

At Steamboat Springs and Thermopolis the vegetation was greatly enriched 
in sulfur, mostly because of gaseous absorption probably as hydrogen sulfide at 
the^former but partly because of hi^ soil sulfate at the latter. The broad-leaf 
grass and the sunflowers hung partly over the big hot pool at Thermopolis and 
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showed typical gas injury, both acute and chlorotic. Here the odor of hydrogen 
sulfide was distinct, but sulfur dioxide was not identified by odor. The old 
leaves of the grass carried 2.62 per cent sulfur, the young leaves 1.01 per cent. 
Similarly, the old and young leaves of the sunflower had 1.68 and 1.05 per cent. 
These high concentrations together with the typical gas lesions suggest that 
the sulfur wOvS absorbed principally in gaseous form. 

SUMMARY 

Nearly one thousand samples of vegetation collected throughout the 11 West¬ 
ern States have been analyzed for total sulfur in the leaves. Sulfate and chloride 
have been determined on many of these leaf samples and also on representative 
steins and blossoms from the same plants and on the soils on which the plants 
grew. Total leaf sulfur can vary over a wide range depending on the supply 
from the soil or the atmosphere. A twelvefold range in total sulfur has been 
noted for alfalfa leaves with sulfur supply from either soil or atmosphere. Some 
species may have a still greater range. The sulfate range parallels the total sul¬ 
fur range. It is assumed that total sulfur minus sulfate represents organic sulfur. 
Tlie latter exhibits a remarkably narrow range in the leaves of many species, 
usually falling between about 0.2 and 0.4 per cent on the dry-weight basis. The 
lower range indicates sulfur deficiency, and the upper range is not appreciably 
exceeded regardless of how much excess sulfate is present. The needles of conifers 
normally have smaller amounts, about 0.1 per cent, whereas tamarix and the 
crucifers and some other species with volatile sulfur compounds—onion, rape, 
radish—^may have 0.5 to more than 0.7 per cent organic sulfur. 

The halophytes generally adjust themselves to their environment by ab¬ 
sorbing large amounts of chloride and sulfate. Salt grass effectively excludes 
salt. 
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SULFUR METABOLISM IN ALFALFA 


MOYER D. THOMAS, RUSSEL II. HENDRICKS, and GEO. R. wn.T. 

American Smelting and Rcfinmg Company, Soli Lake City 

In the preceding paper, suUatc, organic, and total sulfur values of many 
species of plants were considered with special reference to the sulfur supply 
from the soil and the atmosphere. In this paper attention is directed in more 
detail to the uptake and translocation of sulfur in alfalfa and the effect of sul¬ 
fur on nitrogen metabolism. Only the vegetative processes of the plant are 
considered. No work has been done as yet on the flowers or seeds of alfalfa. 

The essentiality of sulfur in the plant is doubtless due in large measure to the 
fact that sulfur amino acids are essential constituents of plant proteins. A close 
connection between sulfur and nitrogen metabolism must therefore exist. Sulfur 
deficiency is manifested by a yellowing of the leaves, suggesting that sulfur is 
indirectly involved in chlorophyll metabolism. Perhaps it is also involved directly 
throu^ the protoplasm of the chloroplasts. Eaton (1, 2, 3) and Ni g h ting ale 
et cH. (4) found that sulfur-deficient soybeans, sunflowers, mustard, and to¬ 
matoes have more nitrate, more soluble nitrogenous compounds such as amides 
and amino acids, and more of at least some forms of carbohydrates than do 
plants with adequate sulfur. This was considered to be due, first, to a lowered 
rate of nitrate reduction; second, to inability to synthesize proteins because of 
presence of insufficient sulfur amino acids; and third, to considerable proteolysis 
in the stems. 


MATSmULS AND METHODS 

Alfalfa was grown in large sand culture beds (5) in 1939, and again in 1940 
and 1941. Ei^ and low levels of the principal nutrients and also different levels 
of sulfate from deficiency to adequacy were maintained in these beds. Half the 
plots were fiunigatcd with sublethal concentrations of sulfiir dioxide. Some 
phases of those experiments have already been publiiffied, including details of 
the apparaUiK, experimental procedure, yield, sulfur' fractionation, and sulfur 
balance (0, 7,8). In 1948 a number of absorption and translocation experiments 
on alfalfa wore carric<l out with radiosulfur^ (8), which was added either as 
sodium sulfate to the nutrient solution or as sulfur dioxide to the air. The radio- 
sulfur therefore entered the plants through the roots or the leaves. In one trans¬ 
location experiment, the ends of a few stems on several plants were dipped in 
a strong solution of radiosulfate.».. 


BESXJLTS 

Sulfur and nitrogen metabolism 

llljrhe sulfur-deficient plants were chlorotic as described by Eaton and by 
Nightingale. Analysis of the 1939 to 1941 crops (6) showed that the chlorophyll 

‘ Supplied by Atomic Energy Commission, Oak Ridge, Tennessee. 
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in S 01116 sulfur-deficient leaves was as low as 60 per cent of the concentration 
in the normal plus-sulfur leaves. The sulfur dioxide fumigations prevented loss 
of chlorophyll. Similar relations, not reported earlier, were found for carotene 
and xanthophyll. 


TABLE 1 


Balance sheet of nitrogen lost from nutrient solutions and found in 1940 and 1941 alfalfa crops 

and roots 



HIGH SULTint 

HBoimc snuruR 

SCEDimC LOW SULFUR 

LOW SULFUR 




M 



m 



B 



High nitrogen level—check plots 

1940 crops. 

1941 crops. 

1941 roots. 

240 

429 

135 

344 

72 


210 

511 

121 

335 

80 


224 

425 

91 

306 

86 


171 

389 

64 

286 

99 


Total. 

669 

551 

-21 

721 

536 

-34 

649 

483 

-34 

560 

449 

-25 

High nitrogen level-—fumigated plots 

1940 crops. 

1941 crops. 

1941 roots . 

237 

393 

125 

317 

79 


219 

408 

122 

328 

73 


208 

428 

108 

314 

73 


179 

330 

91 

274 

79 


Toial . 

630 

521 

-21 

627 

523 


636 

495 

-29 


444 

-15 

Low nitrogen level—check plots 

1940 crops. 

1941 crops. 

1941 roots. 

185 

133 

115 

198 

56 


199 

142 

126 

197 

58 


170 

148 

87 

152 

49 


168 

139 

74 

148 

54 


Total. 

318 

369 

+14 

341 

381 

+11 

318 

288 

m 


276 

-U 

Low nitrogen level—fumigated plots 



1940 crops. 

1941 crops. 

1941 roots. 

184 

120 

1 

116 

167 

46 


163 

142 

106 

185 

40 


178 

145 

124 

106 

46 


182 

139 

111 

156 

44 


Total. 


329 

+8 

305 


+10 

323 

336 

+4 


gg 

m 


♦ A » nitrogen lost from nutrient solutions; B » nitrogen found in vegetation. 


Nitrogen determinations were made on the leaves, stems, and roots o£ the 
1940 and 1941 crops. The nutrient solutions were analyzed for nitrate and am¬ 
monia. From these data, the amount of nitrogen which disappeared from the 
nutrient solutions could be compared with that found in the vegetation. The 
results are summarized in table 1. With a high-level nitrogen supply (about 
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100 ppm.) in. tlie nutrient solution, 15 to 34 per cent more nitrogen disappeared 
from the solutions than was found in the crops. The sulfur level in the nutrient 
solution had no significant effect on the nitrogen loss. No information is availa¬ 
ble as to the chemistry of this loss, but presumably elemental nitrogen was 
formed. There were few, if any, nodules on the roots of these plants, whereas 
the low-level nitrogen plants had many nodules. The hi^-nitrogen plots con¬ 
tained much more totiol nitrogen than the low-nitrogen plots, as indicated in 
table 1, but this was due largely to the fact that the former plants were larger, 
though the nitrogen content was also a little higher in general (table 2). 

TABLE 2 


Nitrogen content oj leaves and stems of ISJfi and 19^1 alfalfa grown in nvXnent solutions 
of high and low nitrogen level and also at four levels of situate 



HIGH SUITUR 

1«XX>XX71£ 8X7X»US 

MEDimc 3;ow suunm 

XX>W SULTUK 


Leaver 

per 

cent 

Stem 

per 

cent 

Roots 
per cent 

Leaves 

per 

cent 

Stems 

per 

cent 

Roots 
per cent 

Leaves 

per 

cent 

Stems 

per 

cent 

Roots 
per cent 

Leaves 

per 

cent 

Stems 

per 

cent 

Roots 
per rent 




High nitrogen level—check plots 





1940 

4.8 

1.9 


4.9 

1 2.1 

_ j 

6.1 

2.4 


5 4 

2 9 

— 

1041 j 

5.0 

2.3 

2 1 

5.0 

1 2 2 

1 

2.1 

4.9 

2.3 

2.3 

5 8 

3 4 

3 5 



Iliffh nitrogin UvolSvmigated plots 





1940 

4.9 

2.0 

_ 1 

4.9 

2,1 

... 

4.9 

2.1 

_ 

4.9 

2.2 

! 

1941 

5 0 

2.4 

2 L 

6,1 

2 2 

2.0 

5.0 

2.3 

2,2 

4 9 

2.6 

2.6 




Low nitrogen level—check plots 





1940 

4.9 

1.9 


4.9 

2 0 

_ 

4.6 

2.0 

— 

! 

4 7 

2 6 

— 

1941 

4 4 

1.7 

1.2 

4.4 

1.7 

1.2 

4 2 

1.6 

1.0 

4.1 

1 3 

1 1 



Low nitrogen level—fumigated plots 





1940 

4.9 

2 0 


1.9 

2.1 

_ 

4.7 

2.1 

_ 

4.9 

2.1 

— 

1941 

4,2 

1.7 

1 1 

4.4 

1 7 

1.2 

4.3 

1.7 

1.0 

4.1 

1,6 

1.0 


In the plots with a low nitrogen level, and the higher suUur levels, more 
nitrogen was found in the vegetation than was taken from the nutrient solution. 
The roots of these plants were well supplied with nodules, which evidently 
fixed elomenttil nitrogen more rapidly than nitrogen compounds were decom¬ 
posed. With both low nitrogen and inadequate sulfur, however, net nitrogen 
losses were about 12 per cent. These losses were virtually eliminated by the 
fumigation treatments. It may be noted that in the low-nitrogen plots the actual 
nitrogen losses from the nutrient solutions were virtually independent of the 
sulfur level. In the low-suKur unfumigated plots the uptake of nitrogen was 
less, primarily because the plants were smaller, since the nitrogen content of 
these plants was not materially different from that of the hi^-sulfur plants 
(table 2). 
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The total nitrogen of the leaves, stems, and roots of these plots are given in 
table 2. In the high-nitrogen check plots, the nitrogen content of the leaves, 
stems, and roots of the most sulfur-deficient plants was 15, 50, and 65 per cent 
higher respectively than that of the high-sulfur plants. The fumigated plots had 
no excess nitrogen in the leaves and only a slight excess in the stems and roots. 
Fractionation of the nitrogen was carried out on a few of these high- and low- 
sulfur leaves. The analyses indicated higher soluble amide and amino values in 
the low-sulfur leaves, but the nitrate values were inconclusive. 

In the low-nitrogen group of plots the leaves that were most deficient in sul¬ 
fur had a slightly lower nitrogen content than those with more sulfur. The 
sulfur-deficient stems were 25 per cent higher in nitrogen in 1940 and 20 per 
cent lower in 1941 than those with more sulfur. The fumigated plants had a 
uniform nitrogen content independent of the sulfur content. The enrichment of 
the leaves in nitrogen which characterized the high-nitrogen-low-sulfur plants 
was thus absent in the low-nitrogen-low-sulfur plants. K the explanation of 
Eaton is accepted for the enrichment, it seems likely that with low nitrogen sup¬ 
ply the amount of nitrate reduced would fall off and the synthesis of protein 
could keep pace in spite of inadequate sulfur supply. 

Sugar determinations have been made on the leaves of the alfalfa. Because 
the plants were harvested in the early hours of the morning when carbohydrates 
would be largely translocated out of the leaves, the sugar values were generally 
less than 2 per cent, and differences between plots were too small to be hi^y 
significant. In general, there was more reducing sugar and sucrose in the sulfur- 
deficimt leaves and in those with low nitrogen than in the high-sulfur-hi^- 
nitrogen leaves, supporting the observations of Eaton and of Nightingale, who 
found that carbohydrates tend to accumulate in minus-sulfur plants. 

Uptake by alfalfa of radiosulfur as sulfate from the nutrient solution is shown 
in figure 1. With a single dose of radiosulfate at 0 time, the Tnarimum leaf con¬ 
centration was attained in 2 weeks by plants that were sli^tly sulfur-deficient. 
The different orgamc sulfur fractions (6, 7) and also sulfate were present in 
approximately equal amounts for about 3 weeks; then the sulfate fell off to a 
very low value. The root sulfur reached its maximum value in a few days then 
remained constant. Evidently the radiosulfate was taken up into the leaves 
rapidly at first; then as the supply in the solution became exhausted, continued 
growth of the plant caused a reduction in the leaf concentration due to distri¬ 
bution throu^ an expanding mass of tissue. The conversion of sulfate into 
organic forms appears to be less rapid in alfalfa than in tomatoes or sugar beets 
because this conversion was complete in the latter species almost as soon as it 
was absorbed, but with alfalfa the sulfate level remained appreciable until the 
supply was exhausted. Then it fell to a very low levd. 

Figure 2 shows a different t 3 rpe of experiment. At 0 time, radiosulfate was 
added to the nutrient solution of a low-sulfate plot, some pl^ts of which had 
been harvested ^t day. Stems and roots of the unharvested plants 
wwe sampled at intervals duiiri^ the first week after this treatment. These 
showed a dow uptake rf sulfur, which was largely converted into organic sulfur 



SULFUR METABOLISM IN ALFALFA 


23 



Fig, 1. Absorption of Hadiosulfur In Olb-Growth Leaves and in Hoots ofSul- 
fur-Dekcibnt Alfalfa Plants and Transformation of Sxtlfatb into Organic Sul¬ 
fur Compounds. 

Curves for soluble and insoluble organic fractions similar to the cystine fraction are 
omitted. 



Fig. 2. Absorption and Transformation of Radiosulfatb in Old- and Nbw-Growth 
Leaves and in Hoots of Alfalfa 

The new-growth, 8-day leaves were formed after the radiosuJfate was added to the 
nutrient solution at 0 time. 

compounds in both leaves and roots. The new leaves that grew on the harvested 
plants were sampled after 8 days’" growth and wore very rich in radiosulfur. 
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They contained 25 times the concentration of the old leaves. Thereafter, the 
plants grew rapidly, and radiosulfur concentration fell off sharply. Sulfate was 
a minor part of the mixture after the first sampling. The three organic sulfur 
fractions were not greatly different in amount. The roots picked up a small 
amount of radiosulfur during the first few days, and thereafter the root sulfur 
was constant. On the eighth day, root concentration of radiosulfur was 50 per 
cent of the old leaves but only 2 per cent of the new leaves. Obviously, radiosul¬ 
fur was extensively used to supply the sulfur demands of the new leaves, but it 
did not add appreciably to, or displace, the sulfur already present in the old 
leaves. 



Fig. 3. Absorption and Transformation of RadiobuIiFatb in Nrw-Growth Lkavrs 

AND IN Roots of Alfalfa 

No new growth was allowed to start until 6 days after the radiosulfate was added to the 
harvested plot. 

Figure 3 shows a similar experiment in which the plants were all harvested 
2 days before addition of radiosulfate to the nutrient solution. For 6 days fol¬ 
lowing this addition, no top growth of the plants was allowed. Only 40 per cent 
as much radiosulfur was used in this as in the preceding experiment. Samples 
of the roots showed that in 6 da 3 ^ only a small amount of the radiosulfate was 
absorbed—^relatively about the same amount as in the previous experiment, 
with top growth present. In the roots without tops the absorbed sulfur was 
nearly all sulfate at the end of the first week, whereas in the roots with tops 
the sulfate had been changed during the first week almost entirely to organic 
fonn. For the following 2 months the level of sulfur in the roots remained essen- 
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tially unchanged, as before, but the sulfate disappeared almost entirely. The 
leaves on the now shoots were very rich in radiosulfar, as in the previous experi¬ 
ment, the uptake being only little less than before. 

Figure 4 describes a translocation experiment. The ends of several 4-foot 
stems of alfalfa on each of three plants were bent over and immersed in a beaker 
containing a strong solution of radiosulfate. A high concentration ^^’as absorbed 
locally and translocatinl continuously to other parts of the plant. After 1, 2, or 
5 days’ exposure, the immersed portion of a plant was carefully cut off and dis¬ 
carded; then the remainder of the plant was uprooted. Samples of leaves on the 
dipped and undipped stems were kept separate, and the roots were also sampled. 
The data for the three plants are shown in the graph. The upper curve indicates 
that after an initial rapid absorption, the total radiosulfur in the leaves on the 



Fio. 4. Transuication and TKANsroRMATioN OF Radiosulfate in AnrALFv After 
Absorption Followino Dipping of tub Ends of a Few Stems of Three Plants for 
VARIO tTfl TiMBt. IN A STRONG SOLUTION OF HaDIOSULFATE. 

stems that were dipped was nearly proportional to the time of dipping. Of tliis 
sulfur, 75 per cent was sulfate after I day but only 30 per cent was sulfate after 
5 days. An appreciable lunount of sulfur was carried down into the roots, then 
up into the stems that were not dipped. The leaves on the latter stems received 
about 10 per cent as much sulfur as the leaves on the dipped stems. All leaves 
had a higher concentration than the roots. Clearly a large amount of radiosulfur 
passed throughi the roots or at least throu^ the root crowns, presumably as 
sulfate. That which remained in the roots was largely organic. 

In a sulfur dioxide experiment, the expected result was obtained, namely, a 
hi^ initial concentration in the leaves followed by some distribution throu^out 
tile plant. Tlio roots never attained more than a few per cent of the leaf con¬ 
centration, as might have been expected from the ch«nical data presented 
earlier. 
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SXJMMART 

Alfalfa was grown in nutrient solutions containing high and low nitrogen levels 
and also high and low sulfate levels. 

A balance sheet was prepared comparing nitrogen losses from the solutions 
with nitrogen found in the plants. A large amount of nitrogen was unaccounted 
for in the plants growing in the high-nitrogen solution. With low nitrogen and 
inadequate sulfur there was small loss of nitrogen, but with low nitrogen and 
adequate sulfur more nitrogen was found in the plants than was lost from the 
solution. Nodulation was marked on the roots of the low nitrogen plants, but 
the high-nitrogen plants were nearly free of nodules. 

High-nitrogen-low-sulfur plants had an appreciably higher nitrogen concen¬ 
tration than all other plants. This excess nitrogen was soluble amide, amino, 
and possibly nitrate nitrogen. 

In tracer experiments with alfalfa the concentration of radiosulfate in sulfur- 
deficient leaves reached a maximum in 16 days, then fell off as the plants grew. 
The sulfate was converted gradually but after 34 days almost completely into 
organic form. When harvested plants were treated with radiosulfur, the new 
growth took up much larger amounts of radiosulfur, and transformation to 
organic form was rapid. No sulfate in the roots was changed into organic form 
unless top growth was present. A translocation experiment showed that the 
radiosulfate could be absorbed through the ends of the stems dipped in a so¬ 
lution of radiosulfate. The absorbed sulfate was translocated down the stem 
and changed steadily into organic form. Some passed down through the crowns 
or roots and appeared in the leaves of xmdipped stems on the same plant, where 
it was also changed to organic form". 
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SULFUR STUDIES OP INDIANA SOILS AND CROPS 

B. E. BEETRAMSON, MAUEICE FRIED, and SAMUEL L. TISDALE 
Purdue University Agrieidtural Experiment Station’^ 

Improved crops capable of higher yields and improved soil management 
practices are maJking ever-greater demands upon the fertility of our soils. In¬ 
creased use of higher analysis fertilizers has resulted in a smaller return to the 
soil of sulfur and other elements commonly included in lower analysis materials. 
The higher analysis fertilizers do not usually contain the sulfur of (NH 4 ) 2 S 04 
or the sulfur of gypsum. Ordinary 20 per cent superphosphate contains 50 per 
cent gypsum. Sulfur, which is contained in plants in quantities aimiiar to those 
of phosphorus, may become a limiting factor in crop production on many of our 
soils. Large areas deficient in sulfur for maximum plant growth have already 
been reported in Minnesota, Washington, and Oregon (1, 3, 11, 21, 22, 30). 
Other states—Alabama (31), Arkansas (32), Califomia (16), Florida (5, 14), 
Idaho (20), Iowa (6, 10), Ohio (4), and Montana (7)—have reported responses 
to sulfur. Crocker (8) recently summarized the general subject of sulfur de¬ 
ficiency in soils. 

Although sulfur shares many properties in common with phosphorus as a 
plant nutrient, it has other properties which complicate the problem of evalu¬ 
ating the level of sulfur fertility in the soil. It forms soluble compounds subject 
to leaching. The atmosphere contains variable amounts of sulfur compoxmds in 
gaseous form, and these are returned to the soil thro ugh precipitation and 
through direct absorption by the soil (2). 

The purpose of this paper is to report the progress of sulfur studies conducted 
for 3 years, beginning in 1946, on the soils and crops of Indiana. This study 
had three main objectives: (a) to determine the sulfur balance in Indiana, (6) 
to determine the effect of sulfur as a soil amendment on certain Tnflin.nn. soils, 
and (c) to determine the effect of sulfur upon the nutrient value of certain 
Indiana crops. 


BALANCE SHEET OB' SULFUE IN INDIANA SOUS 

In striking a balance of the sulfur status of the soils of any region, the fol¬ 
lowing factors must bo appraised: 

Sulfur brought down in the precipitation. 

Sulfur removed by the various crops. 

Total sulfur reserves present in the soil and their rate of release for crop use. 

Sulfur directly absorbed by the soil from the atmosphere. 


‘ Journal Paper No. 430, Purdue University Experiment Station, Lafayette, Indiana; 
contribution from the department of agronomy. The authors are now at State College of 
Washington; U. S. Department of Agriculture, Beltsville, Md.; and North Carolina Agri¬ 
cultural Experiment Station, reBpoctivcly. Acknowledgments are made to N. J. Volk, 
who proposed the research; to M. L. Jackson, who directed the initial phases; and to the 
Texas Gulf Sulphur Co., for fellowship funds that helped make this study possible. 
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Sulfur directly absorbed by the crop from the atmosphere and used in nutrition. 

Sulfur annually leached from the soil. 

Sulfur lost by erosion. 

Sulfur returned to the soil in crop residues, manures, and commercial fertilizers. 

Sulfur brought down in precipitation 

Studies were begun in September 1946 to detennine the amoimt of sulfur 
brought down in the precipitation. Twelve all-weather rain gauges were de¬ 
signed and constructed (12) and were placed at twelve locations over the state. 
Farmers cooperated by collecting the samples of precipitation and shipping 
them in for analysis. Sulfur was determined by a modification of the method 
introduced by Schroedcr (23) in 1933. In this method, the sulfur is determined 

TABLE 1 


Sulfur in precipitation at 11 locations in Indiana in one year^ September 1, 194S to 

August Sit 


LOCATION 

TOTAL SULFUR 

TOTAL* RAINFALL 


Ib./A. 

in. 

Nashville. 

20.0 

39.1 

Gary. 

127.1 

31.9 

Monterey. 

27.4 

34.2 

Orland. 

25.8 

37.1 

Indianapolis. 

32.6 

36.6 

Rising Sun. 

29.7 

40.7 

Evansville. 

29.0 

40.6 

Montgomery. 

27.7 

42.1 

Larwill... 

23.2 

35.6 

Branchville. 

30.4 

41.5 

Lafayette. 

21.7 

37.9 


* Rainfall data are from official rain gauges in close proximity to these gauges from 
September 1, 1946 to August 31, 1947. 


as the sulfate by titration, tetrahydroxyquinone being used as an internal 
indicator. 

Table 1 summarizes the data on sulfur additions through the precipitation 
for Indiana during the year beginning September 1, 1946. The analyses were 
made on samples from the all-weather rain gauges and the amount of rainfall 
was taken from the nearest official rain gauge. The amount of sulfur brought 
down in the precipitation is relatively high in Indiana, ranging from 20 to 127 
pounds per acre per year. Alway et al. (2) reported that the annual fall of sul¬ 
fur in rain, snow, and dust in Minnesota ranged from less than 5 pounds per 
acre m the northern part of the state to more than 100 pounds in the indiistrial 
area around Minneapolis. The upper limits of sulfur additions are gimilar in the 
two states, but the chief difference is in the minimum additions. It appears that 
the likelihood of a sulfur deficiency under normal cropping conditions is leas in 
Indiana than in Minnesota. The lowest value in Indiana is more than twice as 
hi^ as the critical limit for sulfur deficiency, which was determined by Alway 
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(1) to b(' about 10 pounds per acre per year under Minnesota cropping 
conditions. 

It is difficult, however, to set a hard and fast line between sufficiency and 
deficiency based upon sulfur brought down in the rainfall, since local factors 
may complicate the pictiu-e. Among these ai-c Idnd of crop, length of growing 
season, level of fertility, extent of leaching, and sulfur reserves in the soil. 

f^nljur removed by the chief crops 

The sulfur and phosphorus requirements of many of our important agricul¬ 
tural crops are similar. The sulfur demands of some of these crops of impoi-tance 
in Indiana agriculture i-ange from 8 to more than 30 pounds per acre per year 
(16). These estimates aiv shown in table 2. 

Total sulfur reserves in soils 

The sulfur soluble in C iV HCl in the soils of Indiana was determined for the 
soil survey.® Tlie total sulfur by this method ranged from 100 to 1,120 pounds 

TABLE 2 


Removal of sulfur and phosphorus by crops common to Indiana agriculture*/' 




POUNDS RTMOVFD PER ACRE 


mU) PER ACRE 





Sulfur 

Phosphorus 

Com ,. 

100 bushels 

16.0 

23.0 

Wheat. 

50 bushels 

10.2 

16.0 

Potatoes 

400 bushels 

32.6 

17.0 

Alfalfa .. 

4 tons 

23.0 

18.0 

Tobacco.. 

5000 pounds 

8.4 

7.0 


* Based upon data by Lipmau and Conybeare (16). 


per acre 6 inches; most of the soils contiiincd 300 to 600 pounds. Since the sul¬ 
fur of acid soils is contained in the organic matter, it would seem no more de¬ 
sirable to exploit this completely than to use all the nitrogen and phosphorus in 
soils for crop production. T'ho rraerves of all these may already be at a rather 
critical level, therefore, tliey should perliaps be regarded as a revolving fund 
rather than a checking account for eventual liquidation. Studios are in progress 
to determine the diffenmee in total sulfur levels between our virgin and cropped 
soils to ascertain how rapid has been the depletion of our sulfur reserves. 

Sulfur dl)Sorbed directly by the soil 

No work was done to determine the amount of sulfur absorbed directly by the 
soil in Indiana. Alway et al. (2) evaluated this quantity of sulfur under Minnesota 
conditions, which might be expected to be somewhat similar to those in Indiana. 
They used a lead peroxide metirod to estimate the amount absorbed directly by 
the soil. Then they expose<l to the atmosphere, but protected from rain, 100 sq. cm. 

® Those dolorminivtions were made by Hoy Woover and George Enfichi. 
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of cotton fabric and determined the amount of sulfur absorbed. By comparison 
■with the amoimt absorbed in soils under controlled conditions, a correction factor 
was determined. The amoimt absorbed directly by the soil was comparable to 
the amount brought down in the rainfall. 

Stdfur absorbed diredly by Ae crop and used in nutrition 

Although the SOa concentration of the atmosphere is only approximately 0.05 
ppm., whereas the carbon dioxide content is approximately 315 ppm., direct 
absorption of SO 2 by plants is possible. In fact, several workers have investigated 
this potential source of sulfur (24,25, 26,27). Their experiments indicated that 
plants are able to utilize atmospheric SO 2 . In none of the ^tpeiiments where SO 3 
was supplied to the tops, however, were the roots and the growth medium sealed 
o£E from the SOs-containing atmosphere in contact with the aerial parts of the 
plants. This did not preclude the absorption of the SO 2 via the roots in the soil 
solution. By the use of S®* Fried (13) proved conclusively that alfalfa plants can 
absorb SO 2 directly through the leaves. Alfalfa plants were grown in a large 

TABLE 3 


Radioactivity found in different sulfur fractions of alfalfa plants exposed to radioactive SOt 
and then allowed to elaborate the sulfur for 10 days 


FSACnON 

COUNTS PBS BGNUTB* 

Tank 2 

Tank 4 

Tank 6 

Tank 8 

Inorganic. 

341 

290 

467 

301 

Soluble organic. 

4033 


4098 

4703 

Insoluble organic. 

4655 

4000 

4700 

6123 


* The greatest counting error involved was less than 1 per cent. 


glass chamber with their roots effectively sealed off from the atmosphere of the 
aerial portion of the plants. The aerial portion was exposed to SO 2 containing S*®. 
After 48 hours, the S** was detected in the nutrient solution of the roots, indi¬ 
cating that the SO 2 had entered the leaves and permeated the entire plant. The 
S*®-SC )2 was removed from the atmosphere of the aerial portion of the plants, nTid 
the nutrient solution was changed then and at daily intervals thereafter. Teil 
days later the plants were harvested. The different sulfur fractions of the plants 
were tested for radioactivity. The results, summarized in table 3, show that the 
SO 2 was metabolized in the plant. Both soluble and insoluble organic fractions 
^owed hi^ counts as compared to the count found in the inorganic fraction. 

The rapidity with which the radioactive sulfur permeated the entire plant and 
the fact that the S*® was daborated into the organic constitutents demonstrated 
conclusiveily that the SO 2 of the atmosphere is taken into the plant in a manner 
amilar to tiie absorption of CO 2 . Alway et ci. ( 2 ) estimated the amount of SO 2 
abwrbed directly by the plant from the atmosphere and concluded that thou^ 
this WM a eon^t source of sulfur it could be expected to be absorbed only in 
the weight ratio of sulfur to carbon in the atmosphere, which is about 1:2400. 











SULFUR IN INDIANA SOILS AND CROPS 


31 


Since the wei^t ratio in the alfalfa plant is about 1:150, this was not a major 
contribution to the sulfur supply. Calculations based on this assumption suggest 
that not more than 6 per cent of the crop’s requirements would be met by this 
source of sulfur, and perhaps the amount may be considerably less. Further 
study is needed to appraise the amount of the crop’s requirements satisfied di¬ 
rectly through the atmosphci'ic source of SOs. 

Sulfur leached and lost hy erosion annually from the soil 

A number of investigators (9,16,17,18) have measured the loss of sulfur from 
soils due to leaching. Although a number of factors determine this loss, those 
which prevailed where data were collected by Lyon and Bizzell (17) at Ithaca, 
New York, would seem comparable to those in most parts of Indiana. Using 
lysimeters 4 feet deep, these investigators found that approximately 37 poimds 
of sulfur per acre per year was lost by leaching. Lipman and Conybeare (16) 
estimated that about 6.1 pounds of sulfur per acre is lost annually in the process 
of erosion, which carries away the organic matter containing the reserve sulfur 
supply of the .soil. 

Return of sulfur in crop residues, manure, and fertilizers 

Lipman and Conybeare estimated in 1930 that the average return of sulfur in 
crop residues, manure, and fertilizers was 3.9, 0.5, and 0.9 pounds per acre re¬ 
spectively, giving a total of 5.3 pounds. Much larger amounts of fertilizer are 
now applied in Indiana than were used in 1930. The bi^er analysis fertilizers 
coming into use contain less sulfur, higher 3 deld 8 removing more sulfur are now 
obtained, and with the switch to tractors possibly less noanure and residues go 
back to the land. All of these factors would tend to counterbalance the increase 
in sulfur return to the soil through use of a greater tonnage of fertilizer. 

It is estimated that aboTit 45,000 tons of stilfur was applied in the super¬ 
phosphate of fertilizers used in Indiana in 1948.^ On the basis of imiform distri¬ 
bution over the 11 million acres of crop land, the annual return of sulfur throu^ 
fertilizers wcnild be approximately 8 i>ounds per acre. 

Summary of gains and losses of sxdfur in soil 

Table 4 summarizes the estimates of gains and losses of sulfur in soils of 
Indiana. Hic diilcrenco between gains and losses of sulfur leaves a slight margin 
of gain beyond the requirements of most field crops as set down in table 2. These 
estimated averages do not give the true picture, since they tend to balance out 
the deficient areas with the surplus areas. The possibility remains that local 
areas deficient in sulfur for crops with high sulfur demands may be found. 

Response of crops to addition of sulfur to Indiana soils 

The final answer to our balance sheet in specific local areas is whether crops 
respond to sulfur os a fertilizer on these soils. Only preliminary field experiments 
have been conducted in Indiana to determine whether such crops as alfalfa and 

• Ford, 0. W., Purdue Agricultural Experiment Station. Personal Communication. 
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soybean respond to sulfur fertilization. Alfalfa grown on Culver fine sand near 
Culver, Indiana, failed to show response to sulfur applied at rates up to 900 
pounds per acre. On Newton fine sandy loam, similar results were obtained with 
sulfur applications up to 450 pounds per acre. Where 900 pounds of sulfur per 
acre was applied, there was some indication of a depression in yield. 

Greenhouse experiments were conducted on three other soil tj^pes to determine 
response of alfalfa to sulfur. Two-gallon crocks containing 7 kgm. of soil were 

TABLE 4 

Eatimaitea of annual aoureea and loaaea of aulfur in aoila of Indiana 



GAIKS 


Source* | Amount 


Sulfur brought down by precipita¬ 
tion . 

Sulfur absorbed directly by soil.... 
Sulfur retumed in fertilizers^ resi¬ 
dues, and manures.*. 

Sulfur absorbed directly by plants.. 


Total. 


* Sulfur contained in the soil may vary from 200 to 2,000 pounds per acre; but if organic 
matter is maintained this will continue to be a reserve v^th losses and additions cancelling. 

TABLE 5 

Yield from four cuttings of alfalfa grown in the greenhouse on three soil types treated with 

flowers of sulfur 


SDUrUK FSn ACSX 


Cindonati silt loam 


ALVALTA YIEU) FES POX* 

Hagerstown dlt loam 


Plionfield fine sand 



* Each pot contained 7 kgm. soil on oven-dry basis. 


used in these experiments. The results from four cuttings are summarized in 
table 5. Under these conditions, sulfur-deficiency symptoms were manifested in 
the untreated pots. The greatest response was shown on Hagerstown silt loam 
and P l ainsfi eld fine sand. The 224-pound treatment gave about as good yields 
as the 900-pound treatment, indicating that this rate was adequate under existing 
conditions for these two soils. Thou^ the responses to sulfur indicate an in¬ 
sufficiency of this nutrient, the following factors were different from normal field 
conditions: the cropping was much more intensive than occurs in the field, all 
other fertility factors were maintained at an optimum, and replenishment of sul- 
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fur from the stniosphere by precipitation was prevented. Maxunum yields from 
these four cuttings in one year ranged as high as 8 to 10 tons per acre when calcu¬ 
lated on a field basis; 4 tons per acre is considered a good annual yield under 
average Indiana field conditions. 

SUIiPUR AS A SOIL AMENDMENT 

As a soil amendment, sulfur may affect the availability of other nutrients in 
several ways, such as by lowering the pH, perhaps by ionic relationships when 
it forms the sulfate ion, and, as suggested in another paper (28), by serving as a 
reductant or electron donor. 

jf. Experiments were conducted to determine the effect of particle size on ability 
of sulfur to lower pH and increase the NHtAc-extractable manganese from a 

PPM. 



Fia. 1. Efvkct of P'inknsbh of Sulfur on the NH4 Ac-Soluble Manoanebb of 

Maumee Loam 

nearly neutral Maumee loam that is often deficient in manganese. To 200 gm. 
of soil, which had been placed in glass tumblers, was added 0.5 gm. of either 
ground or blown sulfur pellets. Three particle sizes, 14-20, 20-35, and 80 mesh, 
were used with the ground sulfur, and three, 14-20, 20-35, and 35 mesh, with 
the blown pellets. The 80-mesh ground sulfur was the most effective in lowering 
the pH and increasing the NH 4 Ac-extractable manganese (fig. 1); the 85-meah 
pellets were effective in lowering the pH, but did not bring so much manganese 
into solution. 

The 14- to 20-mcsh sulfur failed to lower the soil pH to any marked degree. 
During the 18 weeks of the experiment, the pH was gradually reduced from 6.8 
to 6.2. At no time was NHtAc-^ctractable manganese detectable with this treat- 
mei^t. 
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When equal particle sizes were compared, there was little difference in the 
action of the blown pdlets and the ground sulfur. The inverse relation between 
the soil pH and the ammonium-acetate-extractable manganese is shown in figure 
2. A marked change in pH and manganese occurred during the first 4 weeks. 
Then there was a tapering off in pH change; but the extractable manganese con¬ 
tinued to increase rapidly for another 4-week period, which seems to indicate 
that some factor ether than pH is also involved. This may be the reducing action 
of the sulfur (28). 

Field experiments were conducted on a Maumee loam to study the effective¬ 
ness of sulfur of two sizes, 20-35 and 80-mesh. Three rates of these two materials 



Fio. 2. Bjslahonseip Betwhbn Cbanqb ik pH and NH4 Ac-SolxibiiIS Manganeisb 
Following Tebatmbnt op 200 gm. op Mavmbe Loam With OA gm. 80-Mbsh Sttlpob and 
Incobation at 26“ C. and Optimijm Moistobb. 

were compared with soil applications of MnClj for correcting Tnn.ngn.T»Afio defi¬ 
ciency of soybeans. The treatments and chemical analysis are summarized in 
table 6. 

«}ncreasing applications of sulfur resulted in an increased manganese content 
d the pJapt, anji. a. decrease in the percentage total, nitroggn. There 

was a decrease in pH with each additional increment of auKm added. Consistently 
lower pH and hi^er NH4Ac-soluble manganese values for each increment of 
sulfur were obtained with the 80-mesh sulfur than with the 20-35-mesh. A high 
ne^Hve correlation between soil pH and NHiAc-soluble manganese was found; 
the value of r was 0.854 (fig. 3). Between pH limits encountered in this experi¬ 
ment, the variation of soluble manganese with pH is linear. The regression of Y 
on Z is pven by the expression t = 5.48 - 0.756X. A good correlation exists 
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between soil pH and the amount of manganese absorbed by the plant (fig, 4). 
The value of r in this case is — 0.833. The regression equation is F = 
130 — 16.08X. Likewise, the correlation between the NH 4 Ac-soluble manganese 
in the soil and the manganese content of the plants is high (fig. 5). The correlation 
coefficient is + 0.818. 

The MnCL-treated plots showed considerable chlorosis during the early stages 
of soybean growth. Apparently this was before the roots had been able to forage 
sufficiently into the band of fertilizer. On the other hand, scarcely any chlorosis 
was observed in the early stages of growth on sulfur-treated plots receiving the 

TABLE 6 


of amount and particle size of sulfur on ammonium-acetate-soluhle manganese and soil 
reaction of Maumee loam; manganese content, and total nitrogen content of soybean plants 
grown on this soil in PulasM County, Indiana, 1948* 


TRSATUENT PER ACRE 

pH 

NHiAc-SOLUBlE 
Mn in soil 

Mn CONTENT OP 
PLANT 

I 

TOTAL N CON¬ 
TENT OF PLANT 



ppm. 

ppm. 

per cent 

None. 

6.7 

0.41 

15.3 

3.25 

90 Ib. MnClj-4nsO. 

6.7 

0.52 

20.1 

3.28 

384 lb. 20-35-mesh sulfur. 

6.6 

0.54 

20.0 

3.20 

768 lb. 20-35-mesh sulfur. 

6.4 

0.62 

21.8 

3.23 

1152 lb. 20-35-mesh sulfur. 

6.4 

0.69 

24.5 

3.08 

384 lb. 80-mesh sulfur. 

6.3 

0.63 

24.5 

2.99 

768 lb. 80-mesh sulfur. 

6,0 

0.94 

30.3 

2.93 

1152 lb. 80-mesh sulfur. 

5.7 

1.29 

35.8 

2.97 

Least significant difference at 5 per 
cent level. 

0.2 

2.64 

4.4 

0.12 


* All figures are averages of four replications. 

Soil samples July 17 and plants sampled August 7. 

Manganese and total nitrogen determinations were made on oven-dry plant material. 
All plots received a basic application of 1,000 pounds of 0-15-15 fertilizer broadcast, half 
plowed under and half disced in 10 days before planting. 

Manganese chloride was mixed with quartz sand and drilled in a band about 2inches 
to the side of seed with a han<i distributor at planting time. Soil sampling for NILAc- 
solublc manganese determination was done in this band on this treatment. 

All sulfur treatments were mixed with the 0-15-15 fertilizer. 

20-35-mcKsh sulfur, and no chlorosis was observed where the 80-mesh material 
was used. 

The yields from these treatments are summarized in table 7. They were all 
rather low because a drou^t terminated the growing season too early, and hence 
water as a limiting factor may have narrowed the differences. These results 
would lead one to suspect that the 384-poxmd application of sulfur may have been 
more than was needed, since the increase in yield with additional increments is 
RTnn.l l and statistically nonsignificant. The sulfur and the manganese chloride 
treatments proved equally effective in increasing the yield of soybeans. 

The 1,152-pound treatment of 80-mesh sulfur resulted in an increase of more 
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than 1 per cent in oil content. The oil content of the beans from this treatment 
was significantly higher than from the check, from the MnClj-treated plot, and 
from plots treated with 20-35-mesh sulfur. 



SOIL pH 

Fio. 3. Bblaxionshif Bstvebn Soil pH akd NH 4 Ac-Solublb Mangancbe in 

MAmmB Finn Sandt Loam 


IL 

a. 

z 

< 

«J 

CL 


s 



SOIL pH 


Fio. 4, Rblationsbzp Between Soil pH and Manganese Content of Oven-Dbied 
Soybean Plants Gbown on Matfmbe Fine Sandy Loam 


Use of sulfur for the correction of manganese deficiency is not new. The ad¬ 
vantage of sulfur treatments over the use of manganese in application 

depends upon: first, whether there is an adequate supply of soil manganese to 
be released by the sulfur treatment; and second, the length of time that a sulfur 
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treatment will control the deficiency. These factors are still being studied. The 
winter wheat crop on these experimental plots in 1949 gave responses to 

those obtained in 1948 with the soybeans.') 



Mn in soil - PPM. 

Fig. 5 . RHLATiONstnp Between NH* Ac-Soluble Soil Manganese and the Manga¬ 
nese Content of Soybean Plants Geown on Maumee Fine Sandy Loam 

TABLE 7 


Effect of sulfur treatments on yield and oil content of Richland soybeans grown on Maumee 

loam in i948 


TRBATISENX 


on.* 

None.. 

bu,/A. 

16.2 

per cent 

17.98 

MnCla. 

24.4 

18.22 

384 ib- 20-3S-tnoah sulfur. 

22.3 

18.33 

768 lb. 2O-36-mo0h sulfur. 

23.0 

18.02 

1152 lb. 20-35-mesh sulfur... 

24.6 

18.31 

384 lb. 80-mosh sulfur.*. 

26.4 

18.62-. 
is.k) 

768 lb. 80-mesh sulfur..... 

26.0 

1162 lb. 80-mesh sulfur... 

26.3 

19.07^ 


Least significant difference at 5 por cent level. 

3.8 

0.65 


* Oil content was deteimined by the agricultural chemistry department. 


EIFPECT OF SULFUR ON NUTRIENT VALUE OF TWO ALFALFA STRAINS 

During alfalfa breeding experiments conducted at Purdue^ in 1947, a strain 
of alfalfa, C-10, was found to have an unusually high methionine content. Another 
strain, 0-3, was only average in methionine content. The behavior of these two 

< This research was under the supervision of H. R. Albrecht, who suggested the pos¬ 
sibilities of this study. 
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strains when subjected to different levels of sulfur as sulfate was studied. The 
plants were obtained by clonal propagation and grown in sand culture. A com¬ 
plete nutrient solution, minus sulfur, was used. SuKur was included in the fol- 

TABLE 8 


Effect of sulfate^cn concentration on yield of two strains of alfalfa grown in sand cultures 

in greenhouse 


SO 4 cokcentbahon 

YiEU> raoif 3 cuttings* 

03 (Low methionine) 

010 (High methionine) 


gm. 

gm. 

0 

9.5 

7.3 

1 

16.2 

11.3 

3 

19.1 

16.5 

9 

30.6 

26.7 

27 

32.6 

27.5 

81 

30.9 

28.5 


* All yields are averages of three replications and are expressed in grams of oven-dry 
plant material per pot. 


TABLE 9 


Effect of sulfate-ion concentration in nutrient solution on methionine^ cystine, total sulfur, 
and nitrogen content of two strains of alfalfa grown in greenhouse 
First cutting, harvested Nov. 4,1947 


SO« ION CONCEN¬ 
TRATION IN 
SOLUTION 

STRAIN 

KSIHIONINS* 

CXSTINE* 

suiruR* 

NITROGEN* 

ppm. 


mgm./gm, N 

mgm,/gm. N 

per cent 

percent 

0 

C-3 

29.6 

24.65 

.121 

3.45 

1 

C-3 

39.0 

28.60 

.125 

3.31 

3 

C-3 

45.7 

37.00 

.160 


9 

C-3 

47.2 

53.10 


3.39 

27 

C-3 

46.8 

49.25 

.208 

3.25 

81 

C-3 

48.7 

55.25 

.221 

3.35 

0 

C-10 

41.8 

46.45 

.129 

3"66 

1 

C-10 

40.4 

45.45 

.141 

3*74 

3 

C-10 

45.0; 


.153 


9 

C-10 

47,4^ 


.192 

3.62 

28 

C-10 

53.4 

64.30 

.224 

3.50 

81 

G-IO 

49.5> 

62.85 

.229 

3.60 


* Plant material from each of three replications were naixed in equal quantities, and 
analyses were made on the composited sample. All figures are averages of three to five 
determinations. 


lowing concentrations: 0,1, 3, 9, 27, and 81 ppm. of sulfate. This experiment is 
reported in detail elsewhere (19,29), but the principles involved seem to warrant 
presentation in this paper. 

Though it is difficult to obtain significant differences with these small popula- 
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tions and only three replications, it is noteworthy that the C-3 strain gave greater 
yields at all concentrations of sulfur (table 8). At the hi^er concentrations, 
however, the differences in yield on a percentage basis were not great and likely 
were nonsignificant. The analytical results on the plant material (table 9) dem¬ 
onstrate the greater ability of the C-10 to produce higher quality forage. On a 
unit-weight basis, the C-10 produced forage richer in methionine than the C-3 
at the lowest concentration of sulfur. The C-10 produced forage richer in cystine 
at all concentrations of sulfur. Since the sulfur content of the two strains was 
similar at any given concentration of sulfur in the nutrient solutions, the ability 
of the two strains to elaborate the sulfur into amino acids obviously is not de¬ 
termined by the rate of absorption of the sulfate anion, but rather is dependent 
on ability to convert the sulfate into organic combination after it has entered 
the plant system. Though the C-3 was lower than the C-10 in nitrogen content 
at aU levels of sulfur, the relationship between sulfur and nitrogen does not lend 
itself to interpretation from these data. 

The fact that plant performance is controlled by genetic and fertility factors 
demonstrates the need for common knowledge between the plant breeder and 
the soil fertility specialist. The plant breeder conducting yield tests on a soil 
deficient in sulfur might select, on the basis of yield alone, an alfalfa plant that 
would not be especially desirable, since it had demonstrated superior produc¬ 
tivity only because it could tolerate a lower level of sulfur fertility by producing 
a forage inferior in nutritive quality. On the other hand, the soil fertility specialist 
might use a strain that was inferior in nutritive quality to determine whether 
the level of sulfur fertility was adequate. 

STXMMAET 

. Studios on the sulfur balance of Indiana soils lead to the following conclusions: 

Tlio amount of sulfur brought down in 1 year in tho precipitation varied between 20 
and 127 pounds pt'r aero, with an average of about 27 pounds when the figure for Gary, 
an industrial area, is omilttMi. 

Direct absurption of sulfur by plants and its elaboration into organic constituents has 
boon conclusively denionstratod. 

Tho sulfur balance .wms to indicate that under average conditions of crop 
production, the likelihood of sulfur deficiency is not great at present. This does 
not preclude, however, lai^o local areas which may be deficient in sulfur for 
masdmum crop yields. 

Although field testa failed to show a response to sulfur fertilization, intensive 
cropping with alfalfa in the greenhouse brou^t about sulfur-deficiency symptoms 
and marked reductions in yield on several soils. 

Use of sulfur as a soil amendment gave special promise in the manganese- 
deficient areas of northern Indiana. 

Studies are reported which demonstrate the dependence of geneticists and soil 
fertility specialists upon each other to avoid erroneous conclusions in some phases 
of their-worki 
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RELATIONS OF MICROORGANISMS TO TRANSFORMATIONS 
OF SULFUR IN SOILS 

ROBERT L. STARKEY 
Niw Jcri,ey Agnculiural Experiment Station^ 

Sulfur is an essential element for all forms of life, for it is a common constituent 
of proteins, with the sulfur in the amino compoimds cystine (or cysteine) and 
methionine. Furthermore, it is contained in many other important cell com¬ 
pounds, such as the vitamins thiamin and biotin. 

With some microorganisms sulfur plays a role of particular importance, for 
with them it may be a specific hydrogen donor or acceptor. In the former case 
it serves either as a source of energy for cell development or as a reducing agent 
for CO 2 that is assimilated in a manner similar to that in green plants. When the 
sulfur compound acts as a specific hydrogen acceptor, the donor is the energy 
source. 

Many of the microorganisms that transform sulfur and its compoimds are 
active in soils. Some act on organic sulfur compounds, liberating the sulfur in 
inorganic forms. Others oxidize or reduce inorganic sulfur compounds. Although 
their reactions arc diverse and various products are formed, incompletely oxidized 
sulfur materials do not generally accumulate in soils. The transformation of any 
one organism is masked by the reactions of others, and the material that accumu¬ 
lates is either the completely oxidized product sulfate, under aerobic conditions, 
or the reduced product sulfide, under anaerobic conditions. Organic compounds 
in the cells of microorganisms, in higher plants and animals that populate the 
soil, and in the inanimate matter undergoing decomposition accoimt for the rest 
of the soil sulfur. 

In hunoid regions moat of the sulfur is in organic compounds. Rippel reported 
that in a field soil with 0.012 per cent total sulfur, 14 per cent was sulfate; in a 
forest soil with 0.058 per cent total sulfur, 10 per cent was sulfate; and in a com¬ 
post soil with 0.120 per cent total sulfur, 21 per cent was sulfate (30). A fertile 
soil examined by Bertrand and Silberstein contained 0.52 per cent total sulfur, 
of which 21 per cent was sulfate ( 6 ). The total sulfur content of field soils is more 
commonly 0.01 to 0.05 per cent or 200 to 1,000 pounds per acre in humid regions, 
but it may be considerably higher in regions with deficient rainfall where salts 
accumulate. Lack of persistence of sulfate is due to the relatively hi^ solubility 
of the salts. Sulfur of organic materials is transformed to sulfate during decom¬ 
position; similarly, nitrate is formed from the organic nitrogenous compounds. 
The microbial transformations involved in the breakdown of organic compounds 
to sulfate are more numerous, however, and a greater variety of microorga ni s m s 
is concerned. 

Organic sulfur in soils is important as a reservoir of the element for plant 

^ Paper of the Journal Scries, New Jersey Agricultural Experiment Station, Rutgers 
Universitjr—the State University of New Jersey, department of microbiology. 
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development. Sulfate is readily leached from soil, whereas the sulfur in organic 
compoimds resists leaching and is gradually broken down to sulfate. It is gener¬ 
ally assumed that higher plants obtain sulfur from soil as sulfate. Although sul¬ 
fate may be the principal source of sulfur for plant development, it may not be 
the only source of the element. In a recent communication, Miller reported re¬ 
sults showing that the amino acid methionine was absorbed by tomato and 
tobacco plants and that the sulfur was converted to sulfate as well as to diverse 
sulfur compounds in the plant (21). The plants grew with sulfur supphed only 
as methionine, which presumably satisfied all the sulfur requirements. ■ 

Little is known about the sulfur constituents of soil. Determinations are gener¬ 
ally confined to total sulfur and sulfate. Some years ago Shorey reported the 
occurrence of trithiobenzaldehyde in soil (32). He suggested that it might be pro¬ 
duced by interaction between H 2 S formed by microorganisms and benzaldehyde. 
A great variety of organic sulfur compounds is present in the soil organic matter 
as proteins and other compounds produced by higher plants, animals, and micro¬ 
organisms. Among the inorganic sulfur compounds in addition to HgS and sulfate 
that have been detected in soils are elemental sulfur, thiosulfate, tetrathionate, 
and other polythionates. Consideration of the reactions whereby organic and 
inorganic sulfur compounds are transformed by microorganisms leads one to 
believe that many sulfur compounds are produced in soil, but, because they are 
susceptible to decomposition, they do not accumulate and are not readily de¬ 
tected. 

Among the principal compounds of biological origin containing sulfur are the 
amino acids cystine (disulfide), cysteine (hydrosulfide), methionine (methylated 
sulfur), taurine (sulfonic acid), ethereal sulfates, thiourea, glucosides, and alka¬ 
loids and in addition, vitamins such as thiamin (cyclic) and biotin (cyclic). 
The sulfur content of proteins varies from 0.2 to 2 per cent, that of some sulfur- 
containing glucosides as sinalbin and sioigrin from 8 to 16 per cent, of alkyl 
mustard oil 32 per cent, of taurine 25 per cent, of cystine 27 per cent, and of 
methionine 21 per cent. 

It has been reported that nodulation of legumes is poor in cases of sulfur de¬ 
ficiency, and from this it might seem that deficiency of sulfur affects the process 
of nitrogen fixation directly. Recent results of Anderson and Spencer tend to 
disprove this. These workers reported on the condition of plants grown on soils 
deficient in molybdenum and sulfur (1). Clover on soil deficient in sulfur grew 
poorly, showed little response to added nitrogen, and had very few nodules and 
these were small. Addition of sulfate resulted in increase in nitrogen fixation and 
in grow1;h. It was concluded that althou^ deficiency of sulfur or molybdenum 
inhibited fixation of nitrogen, the effects of the two elements were not alike. 
Whereas molybdenum was needed for the process of nitrogen fixation, sulfur 
appeared to exert its effect on the mtrogen metabolism of the plant, that is, the 
actual utilization of the nitrogen compounds and incorporation of the nitrogen 
in proteins and other compounds. This indicates that the effects of sulfur on 
plant development are similar with legumes and nonlegumes (26). 

In organic compoimds, sulfur more closely resembles nitrogen than other 
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eleraents. Fuithenuois, the oxidation and reduction reactions of microorganisms 
involving nitrogen and sulfur diow many similarities. There is no sitn plft sulfur 
cycle in soil. Only in a general way can one refer to the sulfur cycle. When all of 
the many microbial transformations of sulfur are considered one fi nds an inter¬ 
twined network of reactions. 

This report is concerned principally with the kinds of transformations of in¬ 
organic and organic compounds of sulfur as well as elemental sulfur brought 
about by microorganisms. Most of the microorganisms referred to inhabit soils. 
Some are not typical soil organisms, but it is posable that the reactions they 
effect can be performed by some soil organisms. To characterize the transforma¬ 
tions accurately, most of the studies have been carried out in laboratory media 
rather than in soil. 

TBANSFOBMATION OF INOB6ANIC SXJLFUB COMPOUNDS 

Oxidations 

More precise information is available on the microbial transformation of 
the organic compounds. Conspicuous members of inoi^anic sulfur compounds 
than of the bacteria that transform inorganic sulfur compounds are the auto¬ 
trophic organisms that belong to the group characterized by their ability to 
grow on substrates free of organic matter and by their ability to make use of COi 
as their sole source of carbon. 

Among the bacteria that bring about oxidation reactions are those that oxidize 
sulfide, elemental sulfur, and thiosulfate. In soils, it is unlikely that microbial 
oxidation of sulfide is important, for the sulfide is so unstable in the soil environ¬ 
ment that it becomes oxidized with the liberation of sulfur by strictly chemical 
reactions. This commonly occurs when waterlogged soils in which sulfide has 
accumulated become drained, allowing penetration of oxygen. The bacteria 
principally concerned in the oxidation of H 2 S are water organisms, among which 
are certain colorless filamentous bacteria such as Beggiatoa and Thiofhrix and 
the purple and green photosynthetic bacteria such as Chromatium and CMoro- 
Hwn. 

Elemental sulfur undergoes relatively rapid oxidation by various micro¬ 
organisms. Of particular importance is ThiobadUus thiooxidans, which not 
only oxidizes elemental sulfur but tolerates exceedingly high acidity that fre¬ 
quently develops in soils where sulfur is thus transformed. Jensen found that a 
sandy soil from a dried jnarsh had a pH of 2.2 (19). The acidity was found to 
be due to sulfuric acid produced by the oxidation of sulfur. A pH of 2.4 was 
reported by Drewes for a moor soil, and the acidity was also ascribed to develop¬ 
ment of T. thiooxidans (11). In a sandy or gravelly drained area of the Zuider 
Zee, Harmsen reported ^ceedingly high acidity (in certain cases even a negative 
pH) caused by sulfur oxidation by the same organism (17). T. thiooxidans has 
also been implicated in corrosion of iron and concrete. It has also been reputed 
to produce the sulfuric acid that makes the waters of coal mines very acid 
(9,18,20). As a result of the acid, the waters become heavily laden with ferrous 
iron, which causes troublesome pollution of streams and rivers. The amount of 
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sulfuric acid pouring into the Ohio River and its tributaries from the coal mines 
has been estimated to be equivalent to 3,000,000 tons of concentrated sulfuric 
acid per year. 

It may be recalled that some years ago a plan was proposed by Lipman whereby 
soluble phosphates could be made from superphosphate on the farm. According 
to the proposal, composts were to be prepared of soil, rock phosphate and sulfur. 
The bacterium T. ihiooxidans would oxidize the sulfur to sulfuric acid, which 
would react with the rock phosphate and produce monocalcium and dicalcium 
phosphates. The transformation is readily brought about, but the process has 
never been widely used. 

On occaaon, elemental sulfur is added to soil to increase acidity, as with 
potato soils for control of potato scab, or in reclamation of alkali soils. It may 
also be used in soils deficient in sulfur. It has been proposed that sulfur inocu¬ 
lated with T. thiooxidans be used in these cases. There is considerable evidence 
that sulfur is oxidized more rapidly in soils containing an abundance of these 
bacteria than in soils from which the bacteria are absent, but the conditions 
under which the bacteria are held in the inoculated sulfur are such that it is 
doubtful that any benefit results from the inoculum. The bacteria die rapidly 
when desiccated, and they live but a short time in dry sulfur. 

Generally it is impossible to recover T. thiooxidans from cultivated soils that 
have received no additions of elemental sulfur. Sulfur treatment may result 
in appearance of the bacterium, however, as shown by Sijderius (33). He was 
xmable to obtain the bacterium from an untreated field soil. Five weeks after 
sterile sulfur had been added to the soil, the pH had dropped to 4.5; in 7 months 
it had dropped to between 3.0 and 3.5. After this prolonged period T. thiooxidans 
was readily obtained in laboratory media inoculated with the soil. It was con¬ 
cluded that this sulfur-oxidizing bacterium is not uncommon in soils, but that 
it is present in very small numbers. The bacterium develops in soil enriched 
with sulfur and, as a result of the increased abxmdance of cells, it can be readily 
recovered from the soil. 

Sulfur is oxidized, but slowly, by another sulfur bacterium, T. thioparus, 
whereby it is transformed to sulfate (38). Guittoimeau observed that various 
microorganisms including certain bacteria, actinomycete^ and filamentous ftmgi 
were also able to attack sulfur with the formation of thiosulfate ( 14 ). These 
heterotrophic bacteria required organic matter for development. Guittonneau 
and Killing found that these heterotrophic microorganisms transformed de- 
mental sulfur to thiosulfate and polythionates, particularly tetrathionate (15). 
These products were recovered from sulfur-treated soils. 

Even thou^ sulfur in soil may be oxidized more rapidly by T. Oiiooxidans 
than by the heterotrophic microorganisms, no difficulty should be encountered 
in obtaining oxidation of sulfur in absence of this organism in fertile soils, for 
such soils should contain an abundance of microorganisms that will oxidize 
Bulfor when provided with decomposable organic matter. 

Thiosulfate is oxidized to sulfate by the autotrophic bacterium T. thiooxidans. 
The sulfur of thiosulfate is transformed to nearly equal portions of sulfate and 
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elsmciitdl sulfur by another autotrophic bacterium, T. thiopo/rus. An organism 
referred to as T. novellus, but more recently classified as Micrococcus denitrificans 
(33), is a facultative autotroph that oxidizes thiosulfate to sulfate (38). When 
growing on organic substances, various other microorganisms, including many 
species of the genus Pseudornonas and some actinomycetes and filamentous 
fungi, are able to transform thiosulfate to tetrathionates (37). 

Polythionates are unstable, particularly at alkaline reactions, and they undergo 
decomposition to sulfur and sulfate by strictly chemical reactions. It has been 
reported that some polythionates may be oxidized to sulfate by T. ffiioparus. 

An imal tissues also have enzymes that are able to bring about oxidations 
similar to those of some of the bacteria. Pirie found that some tissues were able 
to oxidize thiosulfate and tetrathionate to sulfate, the latter at a slower rate 
than the former (27). 

Thiocyanate is toxic to many microorganisms, but for some it can serve as 
a source of either sulfur or nitrogen. Tanner (42) reported that 9 of 30 yeasts 
and related organisms produced sulfide from potassium thiocyanate. He also 
verified the observation of Neuberg and Welde (22) that thiosulfate was broken 
down to sulfide and sulfite by many yeasts. Armstrong (2) found that thio¬ 
cyanate could be used as a source of sulfur by the fungi Aspergillus niger^ Peni- 
dllium glaucum, and Botrytis dnerea but it was not so readily utilized as sulfate, 
thiosulfate, hydrosulfide, sulfite, or persulfate. Some sulfide was produced from 
thiosuKate and thiocyanate. 

Beijerinck (5) noted that crude cultures from canal water or ditch mud pro¬ 
duced an abundance of elemental sulfur in a solution medium containing no 
other organic substance than ammonium thiocyanate. 

An organism given the name Bacterium thiocyanoxidans by Happold and Key 
(16) was bdieved to decompose ammonium thiocyanate to ammonium sulfate 
and carbon dioxide and to grow on the compound, using it as a source of both 
carbon and nitrogen. The culture was obtained from activated sludge that 
brought about rapid decomposition of the thiocyanate. 

The reactions of most of the microorganisms so far mentioned are brought 
about aerobically. Oxidation of sulfur and thiosulfate to sulfate may also be 
effected anaerobically b> an organism referred to as T. denitrificans which uses 
nitrate aS che hydrogen acceptor, and by the purple sulfur bacteria that develop 
anaerobically. 

Apparently, many microorganisms, particularly certain autotrophic bacteria, 
oxidize sulfur and thiosulfate to sulfate. Numerous heterotrophic microorg an i sm s 
may also participate in reactions leading to the oxidation of these compounds 
to sulfate. 


Reductions 

The reactions whereby sulfur compounds are reduced are endothennal and 
consequently are effected almost exclusively by heterotrophic microorganisms 
that use organic materials as sources of energy. The reduction of sulfate and 
incompletely oxidized inorganic sulfur compounds with the formation of sulfide 
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is not likely to be important in arable soils because this occurs under conditions 
where oxygen is excluded and anaerobic transformations predominate; never¬ 
theless, sulfate reduction occurs in waterlogged soils. The transformation is of 
great interest microbiologicaUy, for it is effected by a unique group of bacteria 
known as sulfate-reducing bacteria. With these organisms, sulfate is the prin¬ 
cipal hydrogen acceptor whereby they develop under anaerobic conditions, using 
organic materials or even H 2 as sources of energy. Black coloration of iron sulfides 
that characterize waterlogged soils is due to reduction of sulfate by these bac¬ 
teria, They have been implicated in the anaerobic corrosion of steel and iron 
in soil and are responsible for the production of sulfide in such large amounts 
as to be destructive or obnoxious along coastal regions and at sea (39). There 
have been reports that sulfate is reduced by certain other microorganisms 
either to elemental sulfur or to sulfide. With some of these organisms, the amounts 
of siMde thus produced may be too small to be of particular importance; in 
oth^zir cases, additional evidence is needed to establish the validity of the claims. 
/An interesting case of reduction of sulfate by an organism other than the 
specific sulfate-reducing bacteria was reported by Birkinshaw, Findlay, and 
Webb (7). These workers observed reduction of sulfate to methyl mercaptan 
by the fungus Schizophyllum ammune. It was believed that the sulfate was 
reduced to sulfide, which became methylated to form methyl mercaptan. This 
transformation is remarkable not only because sulfate reduction is imusual 
for fungi, but because the product was a methylated compound. Methylation 
of sulfur compoimds is doubtless common among microorganisms as well as 
hi^er organisms such as green plants, for sulfate can satisfy all the sulfur re¬ 
quirements of many organisms, and methylated compoimds such as methionine 
are produced from it. The transformation observed by Birkinshaw, Findlay, 
and Webb is different from such reactions, however, for the methylated com¬ 
pound accumulated in the medium and did not represent an assimilated com¬ 
pound. Challenger and Charlton verified these results and noted that dimethyl 
sulfide and some dimethyl disulfide were also present in the products (8). It 
was thought that dimethyl disulfide might be a product of oxidation of methyl 
mercaptan. 

Incompletdy oxidized sulfur compounds are much more susceptible to attack 
than is sulfate. Thiosulfate and elemental sulfur are reduced to sulfide not only 
by sulfate-reducing bacteria, but also by various other bacteria and by yeasts. 
Tarr reported formation of sulfide from thiosulfate by Proteus vulgaris (43). 
According to Tanner, various bacteria, particularly members of the genus 
Pseudomonas, produce sulfide from thiosulfate (41). Reduction was also effected 
by Escherichia coli (3), It may be recalled that a reduced product, elemental 
sulfur, resulted from the transformation of thiosulfate by T, thioparus. 

Pollock, Knox, and Cell reported the reduction of tetrathionate to thiosulfate 
by certain intestinal bacteria (28, 29). Armstrong reported the production of 
sulfide by various fungi from thiosulfate, sulfite, and thiocyanate (2). 

Elemental sulfur is susceptible to reduction to hydrogen sulfide by many 
microorg anisms . In the case of sulfate-reducing bacteria, the elemental sulfur 
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serves as the specific hydrogen acceptor, but with most of the other microorgan* 
isms that produce sulfide from sulfur and also from thiosulfate, the reactions 
belong in the category of the so-called phytochemical reactions (34). With 
sulfur there is a reaction between two molecules containing hydrosulfide groups 
with one atom of sulfur to produce disulfide and hydrogen sulfide. 

TBANSFOBMATION OP OBGANIC STTLPUB COMPOUNDS 

Decomposition of the organic compounds of suKur is doubtless effected by 
many different types of reactions involving various microorganisms, for there 
are many organic sulfur compounds with different types of sulfur linkages. 
At present, there are only isolated reports of the reactions whereby the com¬ 
pounds are broken down with the release of inorganic sulfur. The infonnation 
is too fragmentary to permit generalizations regarding the susceptibility of the 
suKur in different linkages to decomposition or the nature of the inorganic 
sulfur compounds that are likely to be released from these compounds. It has 
long been known that sulfide can be produced by microbial decomposition of 
organic sulfur compoxmds, and the opinion is frequently expressed that sulfide 
is the most important if not the sole product of these transformations. Although 
sulfide may be formed when decomposition takesplace under anaerobic conditions, 
it is not always a product under aerobic conditions. Other products than sulfide 
may indeed be more commonly produced under aerobic conditions, irrespective 
of the sulfur grouping in the organic compounds. 

Much of the information on the breakdown of the organic sulfur compounds 
has been provided by studies of animal metabolism, but incorrect conclusions 
may be reached from drawing analogies between the reactions effected by ani¬ 
mal tissues and microorganisms. Inorganic sulfate and taurine are two of the 
principal end products of sulfur metabolism in animals, but numerous other 
compounds are excreted, including ethereal sulfates and sulfonates (12, 35). 

In studies of animal metabolism it was found that similar products are formed 
from both cystine and methionine. It therefore seems likely that methionine 
can be changed to cystine, thus explaining the similarity in final products. With 
certain microorganisms the same products are not obtained from cystine as from 
methionine. This suggests that with the organisms that were studied, at least, 
methionine did not pass through cystine during its breakdown. Other differences 
between transformations brought about by higher animals and microorg anisms 
are to be noted in the decomposition of sulfonates. These resist attack by animal 
tissues, whereas compounds such as taurine and ethereal sulfates are decom¬ 
posed by various microorganisms with release of sulfate. Neuberg and Kurono 
(23) and Neuberg (24) obtained an enzyme preparation from the fungus Asper- 
gillus cryzae and from tissues of certain animals that hydrolyzed ethereal sul¬ 
fates su^ as phenol sulfate. A similar transformation by some bacteria of the 
^sixasPsevdommas was noted by Tankd (40). The sulfatase that attacked phenol- 
sulfate differed from the enzyme that hydrolyzed chondroitinsulfuric acid. 
A similar bacterial enzyme was obtained by Neuberg and Cahill (25). 

The decomposition of cystine has probably received more consideration than 



62 


ROBERT L. STARKEY 


that of any other organic sulfur compound. In 1912 Sasaki and Otsuka reported 
that HjR was liberated from csrstine by bacteria (31). Tarr obtained HgS from 
cystine, cysteine, and glutathione kept under anaerobic conditions ■with washed 
cells of Pr. vulgans and Serratia marcescens (43). Sulfide was also produced 
from cysteine by E. coli, Closindium sporogenes, P. aeruginosa, B. siMilis, and 
AlcaMgenes faeoAis. Both aerobic and anaerobic bacteria were therefore found 
to have the capacity to form sulfide from C 3 ratme when kept under anaerobic 
conditions. An enzyme able to liberate HjS from cysteine was obtained by Des- 
nudle and Fromageot (10). This proved to be an adaptive enzyme. 

An entirdy different transformation was described by Barber and Burrows 
(4). These workers obtained from garden soil a bacterium, which they named 
Achromdbader cysUnmorum and which transformed the cystine sulfur quan¬ 
titatively to demental sulfur. Sulfate was also obtained as a product of cystine 
decompoffltion by Aspergillus niger in experiments by Garreau (13). A similar 
transformation was noted by Pirie for animal tissues (27). In the transformation 
of wool by Microsporum gypseum, sulfate was also formed. Stahl et ci. reported 
that when the keratin molecule that contains cjrstine was attacked by this fungus 
there was at first liberation of cystine, which tmderwent further breakdown 
to sulfate (36). Virtually all of the cystine sulfur was thus transformed. The 
following scheme was proposed to indicate the course of the transformation: 

E—SH 

cysteine 

11 

E—S—S—E 

cystine 

u 

E—SOH -1- E—SH 

sulfenic acid 

L 

E—SOiH -H E—SH 

sulfinic acid 

I 

SOaHj + EH 

i 

sulfate 

The transfoimation of methionine by microorganisms appears to be different 
from that of cystine. Bacteria that released HgS from cystine failed to produce 
sulfide from methionine (43). Challenger and Charlton obtained methyl mer¬ 
captan and dimethyl sulfide from methionine by action of Sco^lariopsis brevi- 
caiHis (8). This fungus was able to transform various alkyl disulfides to alkyl 
mercaptans and methyl alkyl sulfides (R—S—S—E ->E—SH + R - SCHa). It 
was also able to methylate mercaptans. Fission of the disulfide linkage of the 
sample aliphatic disulfides by this fungus was found to be a general reaction. 
Methyl mercaptan was obtained as a product of decomposition of methionine 
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by the fungi M. gypseum, S. hrmeavlis and A. niger, according to Stahl ef al. 
(36). 

Some results obtained from studies of organic sulfur compounds in the labora¬ 
tories of the New Jersey Agricultural E}q>eriment Station are siTni1fl.r to those 
already reported.® All of the decomposition studies were carried out under 
aerobic conditions. It has been found, for example, that in the decomposition 
of cystine, the inorganic products decomposition are different with different 
organisms. With certain fungi, sulfate was the principal end product; with bac¬ 
terial cultures, incompletdy oxidized’ inorganic sulfur compounds as well as 
sulfate were produced. Although considerable demental sulfur was formed, 
the transformation differed from the one discussed by Barber and Burrows 
(4) where the cystine sulfur was quantitatively changed to elemental sulfur. 

As has been reported by others, methionine is less susceptible to attack than 
cystine. With certain bacteria, the products of decomposition were volatile and 
disappeared from the culture medium. It is probable that these bacterial products 
are HiTni1fl.r to those formed by the fimgus cultures of Challenger and Charlton 
(8) and Birkinshaw ef oH. (7), who foimd methyl mercaptan and dimethyl sulffde. 
Small amounts of some incompletely oxidized sulfur compounds, possibly thio¬ 
sulfate, polythionates, or sulfide, were produced from methionine by certain 
actinomycetes. 

Cystine and methionine added to soil and kept under conditions favorable 
for microbial development underwent relativdy rapid decomposition with 
production of sulfate. The following compounds also decomposed more or less 
rapidly in soil: thiamine, taurine, sodium taurocholate, sodium formaldehyde 
sulfoxylate, sulfosalicylic acid, potassium ethyl xanthate, phenylthiourea, and 
thiourea. There was little or no decomposition of sulfonamides, long-chain sul¬ 
fonates, sulfanilic acid, mercaptoethanol, or sodium diethyl dithiocarbamate 
<^iiriT<g a period of several weeks. Decomposability of the various compounds 
did not seem to be rdated to any one or more tjTpes of sulfur linkages. Cystine 
is a Hipnlfiiifl, methionine is a thio-ether, thiamine has a thiazole ring, and 
taurine is a sulfonic acid. Decomposability is apparently associated with other 
portions of the molecule as well as the sulfur group. 

CONCLUSIONS 

(This cursory review of the transformations of sulfur materials likely to occur 
in soils indicates that microoiganisms participate in many reactions involving 
sulfur compounds. Inoiganic compounds are oxidized and reduced and a variety 
of products are formed by these reactions as well as those concerned with the 
transformation of organic sulfur compounds. The liberation of sulfur from 
organic compounds provides sulfate, which may be used by the growing plant. 

Just as with the breakdown of protein nitrogen to nitrate, the transformation 
of organic sulfur to sulfate tends to increase soil acidity. The most pronounced 
accumulation of acid by microorg ani s ms that transform sulfur is not bror^ht 

* L. R. Frederick and William Segal participated in these studies carried out in the de¬ 
partment of microbiology. 
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about in this way, however, but by the oxidation of sulfides that have accumu¬ 
lated in soils during a period when these were waterlogged and conditions were 
anaerobic and when considerable amounts of sulfate were introduced. 
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SULFUR FUNGICIDES IN FRUIT PRODUCTION 
A. B. GROVES 

Virginia Agricultural Experiment StaUon 

The purpose of this brief presentation is to discuss the use of sulfur fungicides 
in the production of the deciduous tree fruits. The viewpoint offered is that of 
a plant pathologist, not that of a chemist. Subjects for consideration include the 
character and types of materials available, the requirements of an acceptable 
fruit fungicide, the relation of sulfur to these demands, and the present and 
prospective position of sulfur as a fruit fungicide. 

MATEBIALS AVAHABLE 

(.Sulfur is the most widely utilized fungicide in deciduous fruit production to¬ 
day, being utilized as the free element and in an aqueous calcium polysulffde 
solution. Elemental sulfur fungicides offered the grower include the flotation 
pastes, wet-milled paste, various dry-milled wettable powders, Grinrod process 
sulfur, and bentonite-sulfur blends. The discussion presented here is concerned 
primarily with the elem^tal sulfur fungicides rather than with the combined 
sulfur materials, of which liquid and dry lime-sulfur are the most important. 

Typically, the elemental sulfur as offered to the trade is a finely milled powder 
with conditioning, wetting, and dispersing additives. The paste materials con¬ 
tain varying amounts of water, and because of their wet character, a TninirmiTn 
of additives. All products disperse readily in water to produce suspensions, the 
fiocculent character of which varies with the individual product and the con¬ 
ditions of its use. 

The fungicidal action of sulfur is manifest in the form of hydrogen sulfide, 
which is evolved through an interaction between the sulfur vapor and living 
fungal tissue. The natural physiological response of the fungus in a sulfur-vapor¬ 
bearing atmosphere serves to destroy the fungus. 

The fungicidal effectiveness of elemental sulfur is correlated with the fineness 
of the individual sulfur particles. The importance of small particle size in the 
elemental sulfurs has been recognized for years, and much attention has been 
given to the development of fractionarion methods and subsieve-size analysis. 
The fineness of the sulfur products available today generally reflects a recognition 
of the necessity of producing a finely divided product. Other things being equal, 
it mi^t be assumed that the smaller the particle of sulfiu the better, and to a 
considerable degree this is true. Other factors, however, enter into the picture 
and must be considered. Such factors include the ability of the product to deposit 
an amount of sulfur adequate in relation to surface area, the resistance of the 
deposit to weathering, and the ag^omerating tendency of the product. The col¬ 
loidal sulfur products which were used esperimentally some years ago represented 
the ultimate extension of striving for fineness. Althou^ the initial effectiveness 
of colloidal sulfur is high, the products were conspicuous failures because of their 
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inability to deposit a consequential amount of sulfur, and that which was de¬ 
posited did not persist long. A Tninininm size particle consistent with the physical 
requirements of deposit and retention is to be desired. This will normally fall in 
the 5 n and below range. The dry products should be adequately conditioned 
and wet readily, yet be adjusted so they will deposit a ma x imum amount of 
suspended matter with a ininiTniim of run-off. Pastes should be readily dispersible 
in water and possess a reasonable storage life without deterioration of physical 
condition. Eesistance to freezing damage is desirable but not wholly necessary. 
Dustiness in the dry wettable products is a hi^y objectionable character be¬ 
cause of the filoTi and eye irritation that many persons experience in mixi ng the 
product. More complaints are received on this property of the wettable sulfurs 
than from any other cause, and more than a few fruit growers avoid the dry 
sulfur fungicides because of the objections of the men to using it. 

BEQTTIEEMENTS OF A PEUIT FUNQICinB 

The important position of sulfur as a fruit fungicide developed as a natural 
consequence of the ability of the material to fulfill the three primary requisites 
of a fruit fungicide: First, ihe fruit fungicide must he effective in the control of 
diseases which affect the fruits in question, and against which the fungicide is 
directed. This is not to say that it must control all diseases which may afflict 
the crop, but it must be effective against the major disease or diseases for which 
control measures are necessary. Second, U must he safe to fruit and foliage, causing 
a minimal amount of injury. The object is the prevention of disease with preser¬ 
vation of fruit finish and foliage. Finally, it must he compatible with those insecti¬ 
cides and additives which are necessary to provide complete protection of the 
fruit. The acceptance and continued use of any fungicide must rest upon these 
three requirements. Failure to meet any of the requirements will cause a material 
to be discarded or severely restrict its usefulness. A case in point is the hi^y 
alkaline copper sprays which are not satisfactorily compatible with many of the 
new organic insecticides, althou^ they still meet the first two requirements. 
Spraying is not whoUy a matter of disease control, and where incompatibilities 
arise, choice for retention between materials will rest upon the relative importance 
of the tasks they have to perform and the availability of an alternative material. 
Secondary considerations include cost, convenience, and agreeableness in use, 
residues, and adaptability to special or unique situations. The several require¬ 
ments and considerations noted are elaborated upon more fully in the discussion 
following. 


SUliFUB AS A FUNGICinE 

Sulfur fungicides are used cm apples primarily for control of apple scab and 
on the stone fruits for control of brown rot. Sulfur is an effective protectant 
against both diseases. The elemental form is of limited usefulness as an eradicant 
of scab, whereas the value of liquid lime-sulfur as an early mfection eradicant 
of apple scab has long been recognized and frequently utilized. Infection eradi- 
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caats are of little use in brown rot control, and they are not used as the method- 
of-choice in any fruit disease control program. 

The scab fungus overwinters in a saproph3f1;ic phase on the fallen and diseased 
leaves of the previous season. Ascospores are produced in these leaves and mature 
with the renewal of growth in spring. The mature spores are discharged during 
rains at this time and infect the new growth under favorable temperature and 
humidity conditions. Ascospores are discharged for only a limited time, and any 
subsequent development of scab must come from spores produced on these pri¬ 
mary or initial infections. The key to the control of apple scab is prevention of 
early season primary infection, and this can be most economically accomplished 
throu^ maintainance of a protective covering of sulfur during this critical period. 
The only other early season infections of major importance on the apple are the 
rusts, which have the red cedar as an alternate host. Apple varieties vary widely 
in their susceptibility to the rust diseases, and protection is provided only where 
a susceptible variety is grown in proximity to the red cedar. Sulfur is not ade¬ 
quately effective against the rust diseases, but fortunately it is fuUy compatible 
with the ferbam fungicides (ferric dimethyl dithiocarbamate) which are highly 
effective against the cedar rusts. A combination of elemental sulfur and a ferbam 
fungicide is effective against both scab and rust and is less expensive than an 
effective dosage of the organic fungicide alone. The early season use of sulfur 
usually provides adequate protection against occasional minor early season 
infections, but here again sulfur may be combined wdth an organic fungicide 
for broader protection. 

Brown rot attacks and destroys peaches, cherries, and plums, both in the 
orchard and in market channels. Althou^ brown rot causes its major loss through 
the rotting of mature fruit late in the season, early control measures are necessary 
with this disease too. The first appearance of brown rot is in the form of blossom 
bli^t. Some of these blighted blossoms and infected twigs persist throu^ the 
summer and servo as a source of inoculum for fruit infection. The early develop¬ 
ment of brown-rot blossom infection of the peach is thus correlated with subse¬ 
quent late season fniit infection. Protection against the blossom-blight phase of 
brown rot is commonly provided by a sulfur fungicide. Liquid lime-sulfur is most 
often used at this time, although the wettable sulfurs may be employed and are 
almost universally used on peaches following finit set and until harvest. 

The brown-rot fungus is susceptible to sulfur, and its spores are commonly 
employed as a test organism in the laboratory screening of fungicides. Sulfur is 
particularly well adapted to use on the peach, since it provides protection against 
both brown rot and peach scab, the two important fungus diseases that attack 
the peach during the growing season, and it is compatible with the necessary 
insecticides. Sulfur leaves a nontoxic and inconspicuous residue, an important 
consideration on a fruit from which residue removal is limited to brushing. 

The sulfur fungicides are acceptably safe for use on both the pome and stone 
fruits during the season when their use in indicated. Injury from sulfur most 
commonly occurs when temperatures are high and humidity is low. Serious scald- 
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ing of apple fruit aud foliage may occur under these conditions, althou^ such 
conditioiis do not occur frequently early in the season when sulfur is normally 
used. Althou^ sulfur is used throughout the summer on the peach, the fruit 
faAMntn scalds if the tree is in normal foliage. The pubescence of the peach holds 
sulfur residues well and probably also serves to some extent as a protection 
against too close a contact between the funpcide and the surface of the fruit. 

With the possible exception of one or two early sprays, fimgicides are not xised 
alone in a fruit protection spray program. Insects as well as diseases must be 
controlled; therefore, spray mixtures containing several materials are employed 
as a matter of necessity. Under these conditions the compatibility of the com¬ 
ponent pesticides assumes major importance. The various materials employed 
must retain thmr effectiveness in such combinations, must re main safe to fruit 
and foliage, and i^ould not create physical difficulties in application. The ele¬ 
mental sulfurs meet the compatibility requirements as outlined with respect to 
the majority of the newer organic insecticides employed in fruit production. The 
principal insecticides employed in tree fruit production include DDT, parathion, 
benzene hesachloride, DDD, and lead arsenate. Less frequently used materials 
include the dinitro compounds, TEPP and HETP, chlordan, toxaphene, nicotine 
sulfate, and summer oil. The demental sulfur fimgicides are compatible with all 
of these materials except the dinitro compounds and summer oil. Sulfur is not 
safely compatible with either material, in spray suspension or as an adherent 
residue to which the insecticide may be applied within a few weeks. Difficulty 
is seldom encountered when the order of application is reversed. Sulfur fungicides 
must be used with caution in hot weather to avoid excessive residues and conse¬ 
quent sulfur scordi or scald. Application of a summer dinitro acaricide is particu¬ 
larly dangerous under such circumstances. The dangerous nature of sulfur-oil 
combinations has been recognized for years, but the problem has arisen less 
frequently as a complicating consideration following the introduction and use of 
the synthetic organic insecticides, whidi have much reduced the need for applica¬ 
tions of summer oil on fruit. The problem of intercompatibility between the 
wetting and dispersing agents used in formulating the proprietary sulfur fungi- 
ddes and organic insecticides occasionally arises to complicate spray operations, 
the suspmded material curding or “greasing” out. Perhaps the greatest trouble 
has been expmenced when mixing paste sulfurs with insecticide solutions that 
contain an emulsif 3 dng agent. This may be further complicated by the water 
supply itself. 

The methods of pesticide application are presently undergoing change. So far 
as tree fruit production is concerned, the use of concentrate sprays is the most 
important development. The ability of a fun^dde to lend itself to this method 
of application, in which sharply reduced volumes d more concentrated sus¬ 
pensions and solutions are applied with spedal equipment, is of maj or importance. 
The finer demental sulfur fungiddes have proved wdl adapted to concentrate 
application and are bdng commonly employed where this method of pesticide 
application has been adopted. Hi^er sulfur deposits have been obtained thmngh 
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concentrate application than in conventional practice, and no basic change in 
the formulation of the wettable sulfurs appears necessary to adapt them to con¬ 
centrate application. 

In both conventional and concentrate spray practice, the demand continues 
for more uniformly fine products, materials less objectionable to handle and more 
effective as fungicides. The sulfur fungicides tend to be laddng in dft aiT fl.He ad¬ 
hesive character, and frequent applications are necessary. The rapid growth of 
fruit trees in spring in itself requires frequent spraying to coverage of 

new growth, but unfortunately some products are not sufSciently adhesive to 
provide protection through even this short period if there is much rainfall. 

Sulfur fungicides interfere to some degree with the normal physiological func¬ 
tioning of the leaves, reducing their rate of carbon dioxide assiimlation. Lime- 
sulfur is the greatest offender in this respect, and the curtailed use of the material 
is in large measure due to this action. The elemental sulfurs produce the same 
effect but to a considerably lesser degree. There is, nevertheless some tendency 
to restrict the use of those products for this reason, together with a feeling that 
too much sulfur may injure fruit filnish. 

The existence of aUotropic forms of sulfur has long been recognized, but the 
possible role of such forms in fungicidal practice has received little attention. 
The hi^ degree of effectiveness of liquid lime-sulfur as a fungicide has been 
tentatively attributed in part to the fact that the sulfur was deposited as an 
amorphous allotrope upon decomposition, although this does not seem to have 
been fully confirmed. Eecent investigations have demonstrated a CSrinsoluble 
amorphous allotrope to have a far hi^er degree of fungicidal effectiveness than 
tihe normal rhombic form of approximately the same particle size. Attempts have 
been made to utilize this character of the n allotrope through precipitation of 
lime-sulfur with weak organic acids, but without marked success to date. One 
proprietary product is reputedly produced witii a high percentage of the amor¬ 
phous form, but judged by its performance in the orchard, the allotrope does not 
persist as a stable form. 


CONCLUSIONS 

«Sulfur has long been, and promises to continue as an important fungicide in 
the deciduous fruit industry. It is particularly weU adapted to use early in the 
season when temperatures are relatively low and the humidity is hi^. The ineit 
and insoluble character of the sulfur particles makes the sulfur fungicides gen¬ 
erally safe in spray mixtures and under conditions of prolonged wetting. They 
are not safe for use on the pome fruits during hot weather, nor are they adequately 
effective against the fruit infections which develop during the later season. They 
are generally safe and preferred for use on the peach throughout the season, and 
are used on other stone fruits to aid in brown-rot control althou^ they are 
inadequate for foliage infections such as cherry leaf spot. They are generally 
compatible with the copper and organic fimgioides and may be used in such 
mixtures to broaden the fungicidal protection afforded. The sulfur fungicides are 
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among the least expensive of materials the grower uses and are convenient to 
use. 

The prominent position of sulfur as a fruit fungicide was established almost 
coincident with the development of protective disease control practices in the 
fruit industry. The position of sulfur as a fimgicide in fruit production remains of 
primary importance today despite the development and introduction of many 
new organic fungicides. Although the whole insect and disease control situation 
continues to undergo munerous and extensive changes, sulfur has continued to 
fit into a complete program. The position of sulfur as a fruit fungicide does not 
appear to be seriously threatened in the near future. 



EFFECT OF SOIL ACIDIFICATION ON SOME CHEMICAL 
PROPERTIES OF A SOIL AND THE PLANTS 
GROWN THEREON 

D. G. ALDRICH and F. M. TURRELL 
University oj California Citrus Experiment Station^ 

In recent years several reports have been published (4, 5, 6, 7) which suggest 
that crop growth on alkaline soils can be improved by acidifying the soils. A 
primary argument of those who advocate acidification is that such a program 
will correct in plants grown thereon certain nutritional disorders which appear 
to be associated with the alkaline medium. Another report (1) indicates that 
nutrient uptake by plants is far greater when the soil is acid than when it is 
neutral and that in some cases this increased uptake reflects itself in increased 
crop yield. 

Since many of the crops in California are grown on alkaline soils, a long-term 
investigation involving field and laboratory studies to determine the value of 
an acidification program for alkaline soils was undertaken a few years ago by the 
University of California Citrus Experiment Station. The information obtained 
from these studies indicates that the consequences of addifsdng an aUraliae soil 
are by no means so well defined as those resultii^ from the limmg of an acid 
sou. A thorou^ understanding of the effect of acidification on the chemical, 
phsTsical, and biological properties of the soU must be obtained before a general 
statement can be made about the value of an acidification program for alkaline 
soils. 

The chemical data pertaining to soU and plants which are presented in this 
paper are fairly tsqtical of those obtained in soU acidification studies. The data 
on plant growth are indicative of the variation in response which can be expected 
when a variety of crops are grown on an acidified, alkaline soU. 

MATSBIAXS Ain> METHODS 

An exploratory experiment involving a sin^e soU and three treatment series, 
each acidified to four levels of pH with sulfuric acid, was set up to determine 
the influence of a change in soU reaction and chemical composition on the growth 
and mineral content of two widely different plants. The soU used in this investi¬ 
gation is classified as Ramona sandy loam, is noncalcareous, and was obtained 
from the surface foot of an tmfertilized dry-farm grain field on the Citrus Ex¬ 
periment Station grounds. A buffer curve was made for the soU and served as 
the basis for the quantities of add used in adjusting the pH of lire soil to the 
desired levels. The pH of the unacidified soil as determined on a 1:2.5 soU-water 
sm^rendon is 7.30. The pH of the treated soil at the time of planting appears 
in table 1. 

The three-treatment series were set up in 8-inch clay pots, and each treatment 

^ Paper Ko. 685, Uiiiyeisity of California Citrus Experiment Station, Riverside, Cali¬ 
fornia. 
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■was replicated three times. The first treatmeat series consisted of the unacidified 
soil and soil which had been adjusted in batch quantities to approximately pH 
6.0, 6.0, 4.0, and 3.0. The second treatment series was identical to the first 
series except that treble superphosphate was added to each pot at the rate of 
200 pounds of PjOs per acre. Untreated tap water of pH 8.0 was used to irrigate 
all pots in treatment series 1 and 2. In the third treatment series, four sets of 
three pots were filled with untreated soil. The plants grown in these four sets 
of pots were then irrigated "with water adjusted to pH 6.0, 5.0, 4.0, and 3.0, 
respectively. 

Two successive crops, first alfalfa and then 1-year-old sweet orange seedlings, 
were grown in the soil in each pot. No nutrients other than those specified in 
the treatments were added to the pots while the alfalfa was growing. Subse¬ 
quently, nitrogen as calcium nitrate was added periodically to all pots to main a 
healthy growth of the citrus seedlings. The alfalfa was harvested at full bloom 

TABLE 1 


Some chemical properties of an acidified Ramona sandy loam at planting time 


TUEATICENT 

pH ov 1:2.5 

SOIL-WATER 

SUSPENSION 




HsO- 

SOLU¬ 

BLE 

PO 4 

HiO- 

SOLU- 

BLE 

Mn 

Ca 

Mg 

Na 

K 

Ca 

Mg 

Na 

K 

pH 7.0 soilf. 

pH 6.0 soil. 

pH 6.0 soil. 

pH 4.0 soil. 

pH 3.0 soil. 

7.30 

6.30 
6.60 
4.70 
3.83 

me,* 

4.98 

4.94 

4.60 

4.14 

3.20 

me. 

1,03 

1,03 

0.88 

0.60 

0.26 

1 

me. 

0.27 

0.27 

0.27 

0.23 

0.14 

me. 

1.01 

1,31 

1,70 

2.07 

3.00 

lH>\i 

me. 

0.16 

0.16 

0.15 

0.15 

0.15 

me. 

0.26 

0.26 

0.26 

0.30 

0.42 


ppm. 

1.62 

1.92 

2.62 

4.05 

4.06 

ppm. 

tr. 

9.0 

29.0 


* me. in this table per 100 gm. soil, 
t Untreated soil. 


by pulling the plants up by the roots while the soil was wet. The citrus seedlings 
were harvested in a similar fashion after 8 months of growth. In each case the 
top and roots were separated, washed in tap water, then rinsed in distilled 
water, and dried to constant weight in an oven regulated at 50° C. Yields are 
recorded on the basis of the 60° C. oven-dry weight. 

Chanical analyses of the soil prior to and after cropping are reported on an 
air-dry wei^t basis, whereas the plant analyses are reported on a 105° C. oven- 
dry weight basis. Exchangeable cations were determined on a neutral, normal 
ammonium acetate extract of the soil after the water-soluble salts were removed 
from the soil by leaching. Conductmty, water-soluble phosphorus, and saoan- 
gonese were determined on a 1:5 soil-water extract after 1 hour’s shaking. The 
pH of the soil samples was determined electrometrically on a 1:2.5 soil-water 
suspenrion, which was stirred constantly during the course of the measurement. 
All plant materials were dry-ashed at 500° C. and the "various ash constituents 
determined by standard methods. 
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BBSUMS AND DISCUSSION 
Chemical analysis of acidified soil b^ore ‘planting 

A chemical analysis of the acidified soil series which was made just before 
the first crop was planted appears in table 1. The soil treatments are deagnated 
by the pH values chosen for investigation. Thou^ the measured pH values 
of the soils at the time of planting vary considerably from the values selected, 
the values achieved provide a fairly uniform distribution of acid reaction levels 
for soil and plant studies. Obviously, acidification of this soil results in an increase 
in water-soluble cations and a decrease in exchangeable cations. This effect is 
much more obvious for calcium and magnesium than for sodium and potasdum, 
which are present in much smaller amounts. Although the sums of the exchange¬ 
able plus water-soluble ions for any one cation over the range of reactions studied 
are not identical, they appear sufficiently constant to suggest that the increase 
in water-soluble cations which occurs when this soil is acidified is due largely 
to replacement of these cations on the aschange complex by hydrogen. 

Inasmuch as the acidified soils were not subjected to leaching between treat- 
mmt and planting, the increase in conductivity which occurs with increasing 
acidity is to be expected. In light of subsequent discussion on the effect of 
acidification on crop sdeld, it diould be noted that the conductivity of the most 
acid series (0.77 mmho/cm.) is decidedly on the low side of the range of salinity 
of 0-4 mmho/cm. which can be tolerated by all crops (8). Water-soluble phos¬ 
phorus in this particular soil is increased by acidification, as is water-soluble 
manganese. Evidence has been obtained, however, in another study involving 
soil acidification (2) which shows that the solubility of phosphorus in some 
alkaline soils is decreased rather than increased by a lowering of the pH of the 
soil. This variability in phosphate solubility in soils which results from acidifica¬ 
tion is undoubtedly associated with the amount of calcium brought into solution 
simultaneously. Burd (3) has shown that the release of large quantities of cal¬ 
cium in proportion to phosphate depresses phosphate-ion solubility. 

Yield and composition of alfalfa 

The influence of acidification on the yield and composition of alfalfa plants is 
reported in table 2. In treatment series 1, which involves acidified soil without 
added phosphorus, yield falls off perceptibly at pH 4.0 and is exceedingly small 
at pH 3.0. Althou^ the percentage germination and time of emergence appeared 
not to be affected over the range of reactions studied, impaired growth of plants 
in soil at pH 4.0 and 3.0 was noted. These plants were small and spindly on 
emergence and were definitely retarded at subsequent stages of growth. The 
addition of treble superphosphate to the soils in treatment series 2 does not 
appear to have influenced the effect of increasing acidity on the yidd of alfalfa. 
Yidds at pH 4.0 and 3.0 are similar to those in treatment 1. 

The yidd of alfalfa in pots irrigated with acidified water (treatment series 3) 
does not vary appreciably from treatment to treatment. Apparently the amount 
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of acid added to the soil in the irrigation water was not sufficient to impair 
growth. 

The infonnation in tables 1 and 2 strongly suggests that the reduced 3deld of 
alfalfa is associated with acidity and not with insxifficient calcium, for the sum 
of the exchangeable and water-soluble calcium in the soil is approximately con¬ 
stant over the entire range of reactions studied. 

The data on plant composition in table 2 indicate that acidification has appre¬ 
ciably increased the percentage of K, Mg, Na, P, and S in plants grown in the 
pH 4.0 and 3.0 soil treatments. These results are in agreement with infonnation 
published by Albrecht and Schroeder (1) who found a greater uptake of nutrients 

TABLE 2 


Yield and composition of leaves and stems of alfalfa grown in acidified Ramona sandy loam 


TSJEATICENT 

VnCED* 

Ca* 

Mg 

1 Na 

£ 

P 

S 


gm. 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

Series 1 








pH 7,0 soil. 

11.6 

1.36 

.259 

.235 

1.94 

.207 

.272 

pH 6.0 soil. 

10.2 

1.41 

.237 

.233 

2.19 

.183 

.260 

pH 5.0 soil. 

11.1 

1.37 

.248 

! .217 

2.07 

.232 

.261 

pH 4.0 soil. 

8.6 

1.46 

.324 

.293 

2.11 

.308 

.362 

pH 3.0 soil. 

2.3 

1.33 

.341 

.347 

3.12 

.325 

.649 

Series 2 








pH 7.0 soil -1- PsOst. 

13.4 

1.45 

j .264 

.135 

1.63 

.231 

.225 

pH 6.0 soil + PiO#. 

11,6 

1.40 

.253 

.172 

1.78 

.286 

.230 

pH 6.0 soil + PjOs. 

11.7 

1.35 

.256 

.120 

1.86 

.273 

.233 

pH 4.0 soil -f PjOs. 

10.6 

1.43 

.309 

.200 

2.03 

.345 

.297 

pH 3,0 soil H- P 2 O 5 . 

3.3 

1.48 

.409 

.385 

3.00 

.389 

.414 

Series 3 








pH 6,0 HjO. 

9.1 

1.42 

.260 

.243 

2.13 

.258 

.294 

pHS.OHjO. 

9.9 

1.48 

.285 

.232 

1.83 

.226 

.306 

pH 4.0 HiO. 

9.8 

1.40 

.269 

.248 

1.97 

.215 

.294 

pH 3.0 HjO. 

8.9 

1.49 

.281 

.231 

2.00 

.244 

.327 


* Average of tluee replicates. 

t Applied as treble superphosphate at the rate of 200 pounds PsOs per acre. 


by plants in acid soils than in neutral soils. The phosphorus content of plants 
grown in treatment series 2, which received phosphorus at the rate of 200 pounds 
PsOs per acre, is generally higher than that of plants grown in treatment series 1, 
to which no phosphate was added. The increased phosphorus intake by plants 
in series 2 is accompanied by a reduced sulfur intake, if the sulfur levels of 
plants grown in series 1 are used as a basis of comparison. 

Yield and compositim of sweet orange seedlings 

The yield and composition of 1-year-old sweet orange seedlings which were 
grown for 8 months in the same soil used for growing the alfalfa are shown in 
table 3. Contrary to the trend found for alfalfa, growth of citrus seedlings in 
treatment series 1 and 2 is definitely improved at the more acid pH levels. These 
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plants were not only taller but had larger steins and leaves than the plants 
grown at the higher pH levels. Durii^ the first 5 months of growth, seedlings in 
series 2 appeared to be more vigorous than seedlings grown at comparable pH 
levels in series 1. This suggested that a phosphorus response was being obtained 
on this soil. In the seventh and eighth months of growth, however, the differ¬ 
ences in vigor between plants in the two series grown at the more acid level be¬ 
came less apparent. The yields of plants grown in pots irrigated with acidified 
water indicate that growth was improved at pH 5.0, 4.0, and 3.0. Thou^ they 
show that greatest growth in this series took place at the pH 5.0 level, the dif¬ 
ferences at pH 5.0, 4.0, and 3.0 are probably not significant. 

TABLE 3 


Yield and composition of sweet orange seedlings grown in acidified Bomana sandy loam 


SSXATlflUiT 

YIELD* 

Cat 

Mg 

K 

P 

S 

Ma 


gm- 

per eent 

Per cent 

per cent 

per cent 

per cent 

ppm. 

Series 1 








pH 7.0 soil. 

34.3 

3.49 

.216 

1.77 

.122 

.214 

14 

pH 6.0 soil. 

32.0 

3.76 

.250 

1.87 

.130 

.234 

15 

pH 6.0 soil. 

36.9 

3.82 

.219 

1.67 

.122 

.221 

16 

pH 4.0 soil. 

41.0 

3.67 

.206 

1.67 

.126 

.219 

17 

pH 3.0 soil. 

40.6 

3.66 

.220 

1.71 

.134 

.238 

49 

Series 2 








pH 7.0 soil + P2O4 . 

36.8 

4.04 

.268 

1.78 

.124 

.207 

16 

pH 6.0 soil PaOs . 

38.4 

4,10 

.260 

1.92 

.142 

.206 

15 

pH 6.0 soil + PjOs . 

38.0 

4.06 

.213 

1.67 

.149 

.231 

18 

pH 4.0 soil + PaOs. 

40.1 

4.09 

.225 

1.43 

.151 

.248 

20 

pH 3.0 soil + PaOs. 

43.6 

4.13 

.215 

1.41 

.166 

.234 

42 

Series 3 








pH 6,0 HaO. 

31,1 

3.56 

.240 

2.00 

.123 

.234 

18 

pH6.0H,O. 

38.3 

3.91 

.268 

2.03 

.121 

.280 

20 

pH 4,0 H 2 O. 

37.5 

4.06 1 

.274 

2.19 

.140 

.285 

15 

dH 3.0 HaO. 

36.9 

3.82 

.245 

2.09 

.126 

.311 

17 


* Average of three replicates. This figure includes the weights of stem and leaves, 
t The plant analyses were mode on leaves. 

i Applied as treble superphosphate at the rate of 200 pounds P«Ot per acre. 


The influence of various levels of acidity on the composition of sweet orai^e 
seedling leaves is by no means so consistent as it is on alfalfa leaves. In series 1, 
the amounts of various constituents found at the various pH levels are relatively 
uniform. In series 2, phosphorus de6nitely increases with decreaifing acidity as 
does sulfur. Magnesium and potassium, however, decrease with decreaang pH, 
and calcium remains fairly constant although definitely higher than in treat¬ 
ment 1. These findings suggest a reciprocal relationship between phosphorus 
and potassium or magnesium. Thou^ this relationship for magnesium and phos¬ 
phorus has not been noted elsewhere, similar data involving potassium and phos¬ 
phorus in citrus leaves are soon to be published® in coimection with studies in- 

• By W. W. Jones of this station. 
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volving a long-term fertilizer trial. Additional information must be obtained 
before any general conclusions can be drawn regarding a possible interrelation¬ 
ship between potassium and phosphorus. 

The total manganese content of the leaves increases gradually at pH 4.0 and 
rises sharply at pH 3.0 in series 1 and 2. These results are in accord with the 
idea that the availability of compounds like iron, zinc, and manganese is in¬ 
creased by acidification. 

The application of acidified irrigation water has increased the sulfur content 
of the leaves but otherwise seems to have had little effect on plant composition. 

TABLE 4 


Effect of 1 year of irrigation and cropping on the pH and water-soluble Mn and P in acidified 

Ramona sandy loam 


TKEAIUSNT 

pH OP 1:2.5 SOIL-WATER 
SUSPENSION 

HsO-solublb 

Mn 

HtO-SOLUBLE 

P 



ppm. 

ppm. 

Series 1 




pH 7.0 soil*. 

7.6 

0 

0.33 

pH 6.0 soil. 

7.7 

0 

0.68 

pH 6.0 soil. 

7.7 

0 

0.80 

pH 4.0 soil. 

7.6 

0 

1.17 

pH 3.0 soil. 

6.7 

0 

6.00 

Series 2 




pH 7.0 soU + PiOst. 

7.7 

0 

1.80 

pH 6.0 soil 4- PjOs . 

7.7 

! 0 

2.66 

pH 5.0 soil -f P2OS . 

7.6 

0 

3.80 

pH 4.0 soil -h P2O5. 

7.6 

0 

6.90 

pH 3.0 soil 4- P2O6 . 

6.7 

0 

12.90 

Series 3 ! 




pH 6.0 H2O . 

7.1 

0 

0.25 

pHS.OHsO. 

6.6 

0 

0.29 

pH 4.0 H2O . 

6.2 

0 

0.63 

pH 3.0 H2O . 

5.3 

1.0 

1.93 


* Untreated soil. 

t Applied as treble superphosphate at the rate of 200 pounds PjO* per acre. 


Although it is quite evident that acidification has increased the growth of 
citrus seedlings in this soil, table 3 reveals that such growth increases cannot be 
correlated with the increased uptake of ions reported in this study. Since all ions 
in table 3 appear to be present in adequate amoimts at all levels of acidity, the 
differences in growth must be attributed to the influence of pH on other factors 
or on the availability of other ions not investigated. 

Chemical analysis of soil after cropping 

To obtain some idea of the influence of cropping and irrigation on soil reaction 
and nutrient availability, a number of chemical measurements were made on 
the soil from each treatment immediately following removal of the citrus seed- 
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lings. The results are recorded in table 4. The only soils in series 1 and 2 which 
are acid after being irrigated for 1 year with water of pH 8.0 are those which 
were acidified initially to pH 3.0. On the other hand, soils of series 3, which were 
not acidified initially, have been made progressively more acid through irriga¬ 
tion with water acidified to different levels. The relationship between these 
changes in reaction and the solubility of phosphorus and Tnn.Tiga.T>fiaft at the start 
and conclusion of the experiment is of considerable interest. The solubility of 
phosphorus in series 1 at the end of the experiment is very similar to that at the 
beginning despite the fact that the pH of the first four levels of reaction are 
above 7.5 at the end of the experiment. This same relationship exists in series 2, 
although the amount of phosphorus soluble at the end of the experiment has 
been greatly increased at each reaction level by the addition of treble super¬ 
phosphate to the soil at planting time. The lai^ qxiantities of water-soluble 
phosphorus present at the various reaction levels in treatment series 2 imdoubt- 
edly account for the increased uptake of this nutrient by the sweet orange seed¬ 
lings of this series. 

The solubility of manganese in the soil at the end of this experiment, on the 
other hand, is not correlated with the initial pH but with the finnl pH, for a 
measurable amount of water-soluble manganese is found only in soil receiving 
the most acid irrigation water. 

In view of the fact that the manganese content of the plants is exceedingly 
well correlated with the quantities of manganese released initially by direct soil 
acidification, the lack of soluble manganese in the soils at the conclusion of 
cropping may be attributed in large measure to withdrawal by the plants. Other¬ 
wise, one would have to assume that the reactions involved in reverting soluble 
manganese to iusoluble forms under alkaline conditions proceed with greater 
efficacy than those involved in phosphate reversion. Further work on the chem¬ 
istry of soil manganese in relation to soil acidification is now in progress in this 
laboratory. 


CONCLUSIONS 

. The data pertaining to soils and plants are illustrative of the information that 
has been obtained in soil acidification studies in this laboratory. 

So far as the soil is concerned, the existing experimental data indicate that 
the following reactions occur when acid amendments are applied to alkaline 
soils: (a) exchangeable cations are replaced by hydrogen, thereby increasing the 
amoimt of water-soluble cations; (6) depending upon the amount of calcium that 
is released, the solubility of soil phosphates may be increased or decreased; (c) 
the solubility of metallic ions such as copper, manganese, iron, and izinc is in¬ 
creased. 

Although the concentration of a number of essential plant nutrients is increased 
by acidification, the significance of this increase with respect to plant growth 
cannot be fuUy established at this time. The experiments reported show that 
some plants respond favorably to acidification whereas others respond unfavor¬ 
ably. A vast amount of additional data derived from greenhouse and field studies 
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must be obtained before soil acidification can be recommended as an approved 
cultural practice for alkaline soils. 
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Minor-element nutrition is one of the most important considerations in 
growing tung trees commercially in the southeastern United States. Most of the 
soils in the tung-producing areas are comparatively low in one or more of the 
minor elements zinc, copper, manganese, boron and iron. This is especially true 
of the lighter textured soils that predominate in peninsular Florida. The pH of 
the soils in most tung orchards down to 12 inches ranges from 5.0 to 5.8. 

Leaf analysis has been most helpful in the diagnosis and correction of minor- 
element deficiencies of tung. Many data on minor-element content of leaves have 
been obtained during the last 7 years in connection with various field esperi- 
ments on a wide variety of soils. From these data, some representative zinc, 
copper, manganese, boron and iron analyses have been selected for presentation 
here. These are discussed in relation to the kind of soil on which the trees are 
growing, the kind and amount of fertilizer applied, and the incidence and severity 
of leaf symptoms. 


METHODS 

The same principles were used in collecting leaf samples from tung trees as 
have been established with other tree crops. Leaf blades without the petioles 
were taken from the middles of the shoots of modal length usually in August 
when shoot growth was completed for the year; the fruits were of full size, and 
oil formation was rapidly underway. The sample usually consisted of about 100 
leaves composited from not less than six trees that constituted an experimental 
plot or a representative area in an orchard. In general orchard sampling, each 
distinct area, as indicated by a difference in type of soil or growth conditions 
of the trees, was sampled separately. Two or more replicates of composite 
samples were taken from each area or experimental treatment. Leaves with 
necrotic tissue were avoided. 

It was not foxmd necessary to wash the leaves before drying. During the 
summer rainy season contamination with dust is negligible, and commercial 
tung orchards ordinarily are not sprayed. 

^ Acknowledgment is due the following members and former members of the U. S. Field 
Laboratories for Tung Investigations who furnished many of the leaf samples: Joseph 
Hamilton, the late George M. Bahrt, Ralph T. Brown, Marshall S. Neff, John H. Painter, 
and Benjamin G. Sitton. 
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As soon as possible after sampling, the leaves were dried in an oven at 70° C. 
with forced ventilation. Aiter drying they were ground in a standard inter¬ 
mediate Wiley mill, which is equipped with stainless steel knives and sieves. 
It was found that contamination from this mill was negligible. 

The samples were dry-ashed in a muffle furnace in platinum dishes at a temper¬ 
ature of about 480° C. for about 6 hours. Under these conditions and in the 
presence of tung leaf tissue, loss by volatilization, even of boron, is negligible. 
Depending on the quantity of the minor elements present in the samples, 2 to 
10 gm. of material were ashed. The ash was taken up in the minimum amount 
of HCl necessary for complete solution after digestion on a hot plate for about 
1 hour. For a 2-gm. sample, about 15 ml. of N HCl was adequate. The solution 
was filtered only if necessary and was made up to volume in a 100-ml. volumetric 
flask. 

In dissolving the ash and in subsequent operations, the usual precautions were 
taken to provide minor-element-free solutions and glassware. Sufficiently pure 
water was obtained simply by passing distilled water through a column of 
Amberlite IR-100. Chemicals were tested and purified if necessary. 

Zinc was determined essentially as outlined by Cowling and MiUor (1), copper 
by the carbamate method (3), manganese by the standard perodate method, 
boron by the turmeric method (5), and iron by the o-phenanthroline method (4). 

The results were calculated on the basis of parts per million of dry matter. 

RESULTS OF ANALYSES AND DISCUSSION ' 

Zinc 

The zinc content of tung leaves from trees on various soil types receiving dif¬ 
ferent treatments is given in table 1. It will be noted that the zinc content of the 
leaves ranges from 10 ppm. to 229. Leaves from trees on both the coarse and fine 
textured soils in Florida have a veiy low zinc content, 10 to 16 ppm., where no 
zinc sulfate has been applied. Usually these leaves show severe deficiency 
symptoms. A 2- to 4-ounce soil application of zinc sulfate per tree per year 
ordinarily corrects the deficiency and increases the zinc content to 30 or more 
parts per million. Occasionally on some soils this application of zinc sulfate fails 
to control the deficiency, especially with rapidly growing 1- and 2-year-old trees. 

Tung trees in Alabama, Mississippi, and Louisiana show less zinc deficiency 
than those in Florida, even on the same or closely related soil types. Never¬ 
theless, many orchards in these states show the deficiency, ei^cially in the 
early years, and these require zinc fertilizers. The accumulation of 229 ppm. zinc 
in the leaves of the trees at Fairhope, Alabama, after a soil application of zinc 
suKate is striking. Although this is the highest amount of zinc foimd in leaves 
under commercial orchard conditions, there was no evidence of any toxicity. 

Table 2 gives more details on the zinc content of tung leaves in relation to the 
degree of deficiency symptoms. Although the trees received a soil application of 
2 ounces of zinc sulfate per tree per year, many of them showed zinc-deficiency 
symptoms in var 3 ring degree. It appears that slight S 3 maptoms show up when 
the zinc content drops to about 26 ppm. The zinc content decreases with in- 



TABLE 1 


Zinc content of tung leaves from trees on different soils receiving various treatments 

Dry-matter basis 


LOCATION 

AOE OF 
TSEES 

SOIL TYPE 

ZINC STJXPAXE 
APPLIED 

PEE THEE* 

LEAF- 

DEFICIENCY 

SYUFTOUS 

zmc 


yr. 




ppm. 

Gainesville, Fla. 

1 

Arredondo fine sandy loam 

None 

Severe 

15 

Gainesville, Fla. 

1 

Arredondo fine sandy loam 

4 oz. 

None 

30 

Alachua, Fla. 

1 

Gainesville fine sandy loam 

None 

Severe 

! 14 

LaCrosse, Fla. 

2 

Lakeland fine sand 

2 oz./yr. 

None 

73 

Keddick, Fla. 

7 

Arredondo loamy fine sand 

None 

Severe 

11 

Lloyd, Fla. 

6 

Red Bay fine sandy loam 

None 

Severe 

10 

Capps, Fla. 

6 

Red Bay fine sandy loam 

2 oz./yr. 

None 

36 

Milton, Fla. 

12 

Orangeburg loamy sand 

None 

Moderate 

14 

Milton, Fla. 

12 

Orangeburg loamy sand 

1 Ib./yr. 
last 2 
years 

None 

67 

Lamont, Fla. 

2 

Faceville fine sandy loam 

4 oz./yr. 

Moderate 

15 

Monticello, Fla. 

10 

Ruston fine sandy loam 

2 oz./yr. 

None 

42 

Irvington, Ala. 

12 

Tifton fine sandy loam 

None 

Sli^t 

19 

Fairhopc, Ala. 

6 

Norfolk fine sandy loam 

None 

None 

33 

Fairhope, Ala. 

6 

Norfolk fine sandy loam 

llb.t 

None 

229 

Petal, Miss. 

2 

Norfolk fine sandy loam 

None 

Slight 

24 

Lumberton, Miss. 

5 

Ruston loamy fine sand 

None 

Slight 

29 

Bush, La. 

12 

Savannah very fine sandy 
loam 

None 

None 

29 

Folsom, La. 

7 

Ora very fine sandy loam 

None 

None 

38 

Folsom, La. 

5 

Savannah very fine sandy 
loam 

None 

Slight 

21 


* Soil application of dry salt under spread of branches. 
1100 pounds per acre broadcast previous 5 years. 


TABLE 2 

Zinc content of tung leaves showing different degrees of leaf-deficiency symptoms 

Dry-matter basis 


LOCATION 

AOE OF 
TKSBS 

SOIL TYPE 

LEAF- 

DEFICIENCY 

SYiCPTOMS* 

ZINCt 


yr. 



ppm. 

Gainesville, Fla. 

2 

Arredondo loamy fine sand 

0 

36 




1 

22 




2 

16 




3 

12 




4 

12 

Hague, Fla. 

1 

Gainesville fine sandy loam 

0 

35 




1 

26 




2 

26 




3 

18 




4 

10 


* On scale from 0 equals no deficiency symptoms to 4 equals very severe symptoms. 
Trees received a soil application of 2 ounces of zinc sulfate per tree per year, 
t Mean of duplicate composite samples. 
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creasing severity of the symptoms. Leaves from trees showing the most severe 
symptoms have only 10 to 12 ppm. zinc. 

Copper 

The copper content of tung leaves from trees on different soils receiving 
various copper treatments is given in table 3. The copper content ranges from 
2.5 ppm. to 12.4 ppm., which is representative for most leaf samples collected in 

TABLE 3 


Copper content of tung leavee from trees on different soils receiving various treatments 

Eiy-matter basis 


LOCATZOK 

AGE o; 

TS££S 

SOIL TYPE 

COPPER 
SXTLTATE 
APPLIED 
PEE TREE* 

LBAP- 

DEPIdEM-CY 

SYMPTOMS 

COPPER 

Alachua, Fla. 

yr. 

1 

Gainesville fine sandy loam 

None 

1 

Severe 

ppm. 

2.9 

Alachua, Fla. 

1 

Gainesville fine sandy loam 

4 oz. in 

None 

4.0 

Alachua, Fla. 

2 

Fort Meade loamy fine sand 

solution 

None 

Severe 

2.8 

Alachua, Fla. 

2 

Fort Meade loamy fine sand 

4 oz. 2nd 

None 

4.5 

Alachua, Fla. 

2 

Arredondo loamy fine sand 

year 
i oz./yr. 

Severe 

2.3 

Alachua, Fla. 

2 

Arredondo loamy fine sand 

3 oz./yr. 

Slight 

3.4 

Morris ton, Fla. 

10 

Fort Meade loamy fine sand 

None 

Severe 

2.5 

Morriston, Fla. 

10 

Arredondo loamy fine sand 

None 

None 

5.2 

LaCrosse, Fla. 

2 

Lakeland fine sand 

None 

None 

4.9 

Inverness, Fla. 

8 

Lakeland fine sand 

1 oz./yr. 

None 

5.2 

Brooker, Fla. 

4 

Arredondo loamy fine sand 

2 oz./yr. 

None 

7.7 

LaCrosse, Fla. 

10 

Leon fine sand 

None 

None 

6.2 

Lamont, Fla. 

10 

Ruston fine sandy loam 

None 

None 

8.3 

Monti cello, Fla. 

10 

Faceville fine sandy loam 

None 

None 

9.5 

Cairo, Ga. 

5 

Red Bay fine sandy loam 

None 

None 

6.4 

Fairhope, Ala. 

6 

Norfolk fine sandy loam 

None 

None 

12.0 

Fairhope, Ala. 

6 

Norfolk fine sandy loam 

Jlb.t 

None 

12.4 

Carriere, Miss. 

1 

Ora very fine sandy loam 

None 

None 

6.4 

Folsom, La. 

12 

Savannah very fine sandy 

None 

None 

10.8 

Bush, La. 

10 

loam 

Ora very fine sandy loam 

None 

None 

11.4 


♦ As the drj' salt under the spread of the branches unless otherwise indicated. 
140 pounds per acre broadcast previous 5 years. 


August in commercial tung orchards. This is a relatively narrow range in com¬ 
parison with that of the other minor elements. 

It appears that leaves having less than about 3.5 ppm. copper show deficiency 
symptoms. No symptoms are apparent on leaves having more than 4 ppm. copper. 

Soils of the Arredondo, Fort Meade, and Gainesville series in peninsular 
Florida apparently cannot often supply enough copper to maintain normal 
growth of tung trees, as shown by the severe leaf-deficiency symptoms of un¬ 
treated trees. A small amount of copper sulfate usually corrects the deficiency 
on these soils, but not always. In several experiments as much as 3 ounces per 
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tree per year failed to correct entirely the leaf symptoms in 2- and 3-year-old 
trees. Further details on the control of copper deficiency have been published 
elsewhere (2). 

It is to be noted that leaves from trees on the finer textured soils of northern 
Florida, southern Georgia, Alabama, Mississippi, and Louisiana are relatively 
high in copper. No copper-deficiency symptoms of tung have been observed or 

TABLE 4 


Manganese content of tung leaves from trees on different soils receiving various treatments 

Dry-matter basis 


LOCATION 

4GE OF 
TREES 

SOIL TYPE 

MANGANESE 

SULFATE 

APPLIED 

PER TREE* 

1£AF- 

DEFIOENCY 

SYMPTOMS 

manga¬ 

nese 

Gainesville, Fla. 

yt. 

18 

Arredondo loamy fine sand 

None 

Moder- 

ppm. 

30 

Gainesville, Fla. 

18 

Arredondo loamy fine sand 

1 1 lb. last 

ate 

None 

80 

Reddick, Fla. 

10 

Arredondo loamy fine sand 

i 2 years 
None 

Severe 

25 

Reddick, Fla. 

10 

Arredondo loamy fine sand 

2 lb. last 

None 

100 

Reddick, Fla. 

10 

Arredondo loamy fine sand 

2 3'eai8 

4 lb. last 

None 

322 

LaOrosse, Fla. 

10 

Leon fine sand 

2 years 
None 

None 

90 

Morriston, Fla. 

8 

Lakeland fine sand 

None 

Slight 

36 

Alachua, Fla. 

2 

Gainesville loamy fine sand 

None 

Slight 

38 

Alachua, Fla. 

2 

Gainesville loamy fine sand 

4 oz./yr. 

None 

1,117 

Alachua, Fla. 

1 

Gainesville loamy fine sand 

2 oz. 

None 

113 

Ocala, Fla. 

1 

Lakeland fine sand 

2 oz. 

None 

402 

Lament, Fla. 

10 

Euston fine sandy loam 

None 

None 

1,846 

Capps, Fla. 

8 

Red Bay fine sandy loam 

None 

None 

2,884 

Monticello, Fla. 

10 

Faceville fine sandy loam 

None 

None 

572 

Cairo, Ga. 

5 

Rod Bay fine sandy loam 

None 

None 

688 

Fairhope, Ala. 

6 

Norfolk fine sandy loam 

None 

None 

1,610 

Fairhope, Ala. 

6 

Norfolk fine sandy loam 

1 Ib.t 

None 

1,812 

Poplarvillc, Miss. 

6 

Norfolk fine sandy loam 

None 

None 

902 

Magnolia, Miss. 

10 

Ruston fine sandy loam 

None 

None 

249 

Folsom, La. 

3 

Savannah very fine sandy 

None 

None 

637 

Bush, La. 

8 

loam 

Ora very fine sandy loam 

None 

None 

836 


* Applied as the dry salt under the spread of the branches. 
1240 pounds per acre broadcast previous 5 years. 


reported on these soils. Copper sulfate applied to these soils has not increased the 
copper content of the leaves appreciably, as illustrated by the results in table 
3 from the Fairhope, Alabama, orchard. 

Manganese 

The manganese content of tung leaves from trees on different soils receiving 
various treatments is given in table 4. The striking feature of these results is the 
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■nTde range in the ma n gan ese content of the leaves, depending on the soil type 
and treatment. The leaves from deficient trees have less than 40 ppm. man¬ 
ganese, and those from normal-appearing trees have up to almost 2,900 pp. This 
range is representative of all the August midshoot-leaf samples from commercial 
tung orchards that have been analyzed. 

As with copper and zinc, the manganese is lowest in leaves from trees on 
the sandy soils of peninsular Florida. Manganese-deficiency symptoms are 
common in that area but are easily corrected by soil applications of manganese 
sulfate. 

The fine textured soils of northern Floiida, southern Georgia, and the tung- 
growing sections of Alabama, Mississippi, and Louisiana appear to supply 
more than enough manganese to meet the needs of tung trees, as evidenced by 
the high manganese content of their leaves and the absence of deficiency symp¬ 
toms. Although the leaves from these soils are comparatively high in manganese, 
there is a wide variation in content even on the same soil type in the same field. 
For example, in one experiment near Fairhope, Alabama, on Norfolk fine sandy 
loam, trees from two plots receiving the same treatment, which did not include 
manganese, had essentially the same leaf content of nitrogen, phosphorus, 
potassium, calcium, magnesimn, zinc, and copper, but the manganese content 
in one plot averaged about 1,000 ppm. and in the other about 2,000 ppm. 

Apparently timg trees can accumulate large amounts of manganese without 
causing iron deficiency. This indicates that the iron-manganese ratio in tung 
leaves under field conditions has no special significance. This matter has been 
explored in this laboratory and will be the subject of a later report. 

It is interestii3g to note that, as in the case of copper, a soil application of 
manganese sulfate to Norfolk fine sandy loam at Fairhope, Alabama, has not 
increased the manganese content of the leaves appreciably. 

Boron 

The boron content of tun® leaves from trees on different soils receiving different 
treatments is given in table 5. As boron deficiency in commercial tui^ orchards 
has not yet been observed and soil applications of boron have not yet been 
concluavely shown to be beneficial, only u limited number of leaf samples have 
been analyzed for boron. Apparently the type of soil does not have a great 
effect on the boron content of tun® leaves, as the boron content of leaves from 
trees on the sandy soils of pensinsular Florida differ little from that of leaves on 
the finer textured soils. The range of leaf-boron content of trees on untreated 
soils is 38 to 75 ppm. which is relatively narrow. 

As with many other crops, tung trees are sensitive to small soil applications 
of boron. A 4-oimce application of borax to 3-year-old tung trees on Lakeland 
fine sand caused severe bTuning of the foliage and increased the boron content 
to 226 ppm. Even on the finer textured soils, a 2j-ounce application of boron 
per year over a 7-year period increased the boron content to 168 ppm. and 
caused some toxicity symptoms. 
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TABLE 6 


Boron content of lung leaves from trees on di'fferent soils receiving various treatments 

Dry-matter basis 


LOCATION 

AGE OP 
TREKS 

SOIL TYPE 

BORAX 

APPLIED 

PER TREE* 

IJEAF 

SYMPTOMS 

BORON 

Gainesville, Fla. 

yr. 

3 

Lakeland fine sand 

None 

None 

ppm. 

65 

Gaiiiesvile, Fla. 

3 

Lakclainl fine sand 

4 02 . 3rd 

Severe 

226 

LaCrosse, Fla. 

2 

Arredondo loamy fine sand 

year 

None 

toxic¬ 

ity 

None 

38 

Alachua, Fla. 

5 

Gainesville fine sandy loam j 

None 

None 

56 

Morriston, Fla. 

15 

Arredondo loamy fine sand 1 

None 

None 

51 

Morriston, Fla. 

15 

Arredondo loamy fine sand 

5 02 . last 

Moder¬ 

191 

Capps, Fla. 

4 

Bed htxy fine sandy loam 

year 

None 

ate tox¬ 
icity 
None 

47 

Lloyd, Fla. 

0 

Faoeville fine sandy loam 

None 

None 

62 

Poplarville, Miss. 

5 

Savannah fine sandy loam 

None 

None 

71 

Poplnrville, Miss. 

5 

Savannah fine sandy loam 

3 02 . last 

Slight 

231 

i 

Lucedale, Mias. 

13 

Kod Bay fine sandy loam 

3 years 

None 

toxic¬ 

ity 

None 

75 

Lucedale, j\Iiss 

13 

Bed Bay fine sandy loam 

2 ^ 02 . last 

Slight 

158 




7 years 

toxic¬ 

ity 



* Applied as the dry salt under the spread of the branches. 


TABLE 6 

Iron content of lung leaves from trees on different soils 
Dry-matter basis 


LOCATION 

AGE OP 
TREES 

son. TYPE 

LEAP- 

DEFICIENCY 

SYMPTOMS 

IRON 


yr. 



ppm. 

Gainesville, Fla. 

15 

Arredondo fine sandy loam 

None 

60 

Gainesville, Fla. 

1 

Lakeland fine sand 

None 

69 

Alachua, Fla. 

1 

Gainesville fine sandy loam 

None 

53 

Ocala, Fla. 

1 

Lakeland fine sand 

None 

51 

LaCrosse, Fla. 

10 

Leon fine sand 

None 

60 

LaCrosse, Fla. 

10 

Leon fine sand 

Moderate 

35 

Reddick, Fla. 

10 ; 

Arredondo loamy fine sand 

None 

80 

Lament, Fla. 

8 

Buston fine sandy loam 

None 

92 

Monticello, Fla. 

10 

Red Bay fine sandy loam 

None 

60 

Irvington, Ala. 

10 

Tifton fine sandy loam 

None 

86 

Lucedale, Miss. 

10 

Red Bay fine sandy loam 

None 

72 

Folsom, La. 

6 

Savannah very fine sandy loam 

None 

67 

Bush, La. 

8 

Ora very fine sandy loam 

None 

75 
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Iron 

The iron content of tung leaves on different soil types is given in table 6. 
It is surprising to note the relatively narrow range, 35 to 92 ppm., of iron in 
tung leaves despite the widely different soil conditions. Trees on the sandy 
soils, some of which contain only a small amount of total iron, have just about 
as much iron in the leaves as those on the fine textured soils, which have a 
relatively large amount of total iron, especially in the subsoil. Also the acidity 
of the latter is usually greater than that of the sandy soils in peninsular Florida. 

Iron deficiency has been observed on only a relatively few trees in a limited 
area in Florida, and only one sample of leaves from deficient trees was available 
for analysis. This sample contained 35 ppm. iron in comparison with lea\'es 
from adjacent normal trees which contained 60 ppm. 

SUMMARY 

The zinc, copper, manganese, boron, and iron contents of i*epresentative 
tung-leaf samples are discussed in relation to the kind of soil on which the trees 
are growing and the kind and amount of fertilizer applied. Under all conditions 
observed, the range in zinc content of tung leaves was found to be 10 to 229 
ppm., copper 2.5 to 12.4, manganese 25 to 2,884, boron 38 to 226, and iron 35 
to 92. 
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In earlier reports the value of supplying boron to different Oregon soils for 
improving the yield and quality of alfalfa (3, 5), beets (6), and celery (2) and 
to prevent broccoli discoloration (8) and walnut snakehead (9) was established. 

Boron deficiency in Oregon has been identified mth the lighter tejctured 
soils, acid peats, or older leached soils in the more humid area and with a few 
coai-se textured, nearly neuti-al soils that have been heavily irrigated for a 
generation mth nearly pure water (4). Toxic accumulations of boron occur 
locally in poorly drained, alkaline soil areas of Eastern Oregon. A preliminary 
map based on several hundred boron detenninations showing the boron status 
and needs of Oregon soils has already been published (4). 

During the past decade, attention has been given to determination of boron- 
deficient soil types or areas, optimum and critical concentrations of boron for 
various soils and crops, and effect of boron on plant-tissue composition. Boron- 
sensitive plants, especially on weakly buffered soils, appear to have a very 
narrow range of tolerance. The purpose here is to report information on optimum 
and critical concentrations of available boron in Oregon soils in relation to 
plant nutrition. 


EXPBBIMENTAL 

Boron trials have been included in two blocks of randomized Latin square 
type field plot tests on Chehalis silty clay loam, with ei^t replications, during 
the past decade. Numerous other replicated field plots and greenhouse trials 
were made with different applications of boron. A garden has been maintained 
for several years to determine the effects of boron applications in light to heavy 
amounts on several Icinds of vegetable and field crops. 

Ijcaching experiments were conducted on Melbourne silt loam and Klamath 
peat that carried toxic concentrations of available boron. Various treatments 
were tested to learn their relative values in overcoming toxicity. 

Determinations of boron in soils and plant paits were made by the method 
of Berger and Truog (1). 

Rates of use of boron on cdfalfa 

In a boron-variation trial with an old stand of alfalfa on Willamette silty 
clay loam, treated in June 1936, there were applications of 0, 10, 20, and 30 
pounds an acre of boric acid and four comparisons: light, medium, and heavy 
irrigation versus no inigation. Yields increased with adequate irrigation and 

* Published as Tochnioal Paper 685 of the Oregon Agricultural Experiment Station, 
department of soils, drainage, and irrigation. 
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With increase in rate of boron. With the heaviest boron application, the cutting 
taken in dry weather increased threefold. The 20-pound rate of application 
resulted in an increase of 2.1 tons per acre of hay in 1938. The plant contents of 
boron, protein, and chlorophyll were increased by the boric acid application 
(5). Needed boron has promoted blooming and branching and increased re¬ 
sistance to di’ought and to competition by grass. The boron treatment, where 
needed, has favored longevity of alfalfa. 

When boric acid was applied to Amity silty clay loam at 10,20, and 30 pounds 
an acre, the heaviest application increased the alfalfa hay yield 1.26 tons per 
acre, an obviously significant and profitable increase. 

In greenhouse trials, borax was applied to Camas gravelly loam at rates of 
0, 10, 20, 40, 80, and 100 pounds, with four replications. l''he 20-pound rate 
resulted in definitely higher yields even to the fifth cutting in this poorly buffered 
sandy soil. The boron content of parts of alfalfa above ground increased from 
10 ppm. untreated to 30 ppm. with 80-pound borax application. This soil was 
limed, and Bountiful beans were used as an indicator crop. The 10-pound ap¬ 
plication of borax resulted in more growth than did heavier applications. 

In a Latin square type of expeiiment with eight replications, using plots 25 
by 26 feet, the 5-year average gain in alfalfa hay yield was only 0.1 ton per acre 
from an application of 20 pounds borax every 2 years. The increase in 1945 was 
0.77 ton. Statistical analysis indicates a 0.45-ton gain as significant. The gain 
comes in dry-weather cuttings when the borax treatment increases the leafiness 
and chlorophjdl content by overcoming yellow-top. Borax produced no increase 
in 1949; possibly it is now present in excess. 

In the second Liatin square quad on Chehalis soil, borax applied as above 
gave a 3-year average increase in mint hay of 0.44 ton an acre, which is scarcely 
significant.^ The mint oil yield or quality was only slightly improved in this 
test. On Clatskanie peat, borax treatment has frequently resulted in a slight 
increase of leas than 1 per cent in menthol content (7). 

Optimum and critical concentrations on Chehalis soil 

Several vegetable crops have been included in field plots for the study of 
rates and methods of applying fertilizer containing boron to Chehalis silty clay 
loam. As the yield of bush beans has been erratic because of toxicity at the 
higher rates of application, the data are not included here. The treatments and 
data for tomatoes and com are given in table 1. The rate of application was 
doubled in the spring of 1945 when the plots were retreated to induce toxicity 
or determine critical concentration. 

Althou^ sweet com is moderately sensitive to boron, the maximum yield 
of roasting ears was obtained in 1945 where 160 pounds of borax an acre was 
applied. Symptoms of toxicity were noted on the foliage with the heavier rates 
of application. This 160-poimd application also gave the maxim unfi yield of 
tomatoes. That rate of application caused the greatest increase in boron in the 

* Ray Pendleton kindly checked the statistical analysis of data for this report. 
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TABLE 1 


Optimum and critical boron concentrations for vegetables 



BORAX APPL10ATX0^T 

AVAIL. 
BORON IN 
lOP 7 

BORON IN PL\NT PARTS 

YIELD PER 

CANRER 

OR 

CRACKS 

CBOP 

Method 

Rale per 
A 

INCHLS 

SOIL 


Leaf 

Fruit 

SQUARE ROD 



lb. 

ppm. 


ppm. 

ppm. 

lb. 

per cenl 


Chehalis silty clay loam, 


Tomatoes 

Broadcast 

20t 

0.40 

30 

80 

10 

57 




40t 

0.60 

35 

80 

10 

55 

— 



80t 

0.80 

35 

200 

15 

68 

— 



160t 

1.15 

35 

500 

15 

98 

— 


Drilled 

40 

0.86 

30 

100 

10 

74 

— 



SO 

1.00 

30 

80 

8 

80 

— 


Chock 

0 

0.30 

25 

20 

6 

67 

— 


Spray 

20 

0.40 

25 

40 

10 

52 

— 

Corn 

Broadcast 

40 

0.40 

8 

8 

8 

38.7 

— 



80 

0.60 

10 

10 

10 

55.8 

— 



160 

0.80 

10 

25 

10 

96 0 

1 — 



320 

1.25 

25 

100 

10 

48.1 

— 


Drilled 

40 

0.85 

4 

8 

4 

44 9 

— 



80 

1.20 

4 

15 

5 

I 37.2 

j — 


Check 

0 

0.30 

3 

8 

4 

29.4 

— 


Spray 

' 20 

0.40 

4 

8 

4 

46.5 

i _ 


Willamette silty clay, 1947% 


Tomatoes 

Check 

0 


9 

30 

10 

275 

_ 


Broadcast 

80 


9 

80 

17 

281 

— 



160 


17 

86 

45 

102 

— 



320 


9 

85 

40 

174 

— 

Com 

Check 

0 


7 

23 

6 

Few ears 

— 


Broadcast 

80 


9 

60 

7 

— 

— 

j 


160 


20 

65 

6 

— 

— 

1 


320 


20 

95 

6 

— 

— 

Sunflowers 

Check 

0 


15 

45 

67§ 

65 Av. 

— 


Broadcast 

80 


17 

75 

55 

— 

— 

1 


160 


13 

110 

63 

— 

— 



320 


18 

160 

70 

— 

— 

Bountiful 

Check 

0 


22 

20 

32 

30 

— 

beans 

Broadcast 

80 


66 

23 

35 

36 

-- 



160 


75 

23 

25 

24 

— 



320 


70 

25 

25 

18 

— 

Carrots 

Check 

0 



28 

9ir 

248 

— 


Broadcast 

80 



46 

28 

300 

— 


(Flooded) 

160 



55 

45 

176 

— 

1 


320 



65 

55 

108 

— 

Table beets 

Check 

0 



23 

20 

184 



Broadcast 

80 



40 

23 

232 

— 



160 



55 

23 

160 

—— 



320 



60 

23 

132 
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TABLE l-^Continucd 



BOSAX APPLICATION 

AVAIL. 
BORON 
IN TOP 7 

BORON IN PLANT PARTS 

YIELD 

PER 

SQUARE 

ROD 


CBOP 

Method 

Rate 
per A. 

INCHES 

son. 





CRACKS 



lb. 

jfpm. 

ppm. 

ppm. 

ppm. 

ppm. 

lb. 

per cent 


Willamette silty clay ham, 1948 


Carrots 

Check 

0 

2.0 

_ 

28 

— 

18 

66 

12 


Broadcast 

80 

3.0 

— 

30 

— 

20 

71 

4 



160 

5.0 

— 

40 

— 

30 

70 

2 



320 

10.0 

— 


— 

40 

72 

4 

Beets 

Check 

0 

2.0 

— 

27 

— 

50 

60 

30 


Broadcast 

80 

3.0 

— 

27 

— 

30 

90 




160 

5.0 

— 

27 

— 

30 

144 

1 



320 

10.0 

— 

35 

— 

40 

96 

0 

Sunflowers 

Check 

0 

2.0 

— 

40 

— 

28 

160 

— 


Broadcase 

80 

3.0 

— 

56 

— 

55 


— 



160 

5.0 

— 

50 


32 

255 

— 



320 

10.0 

— 

60 

— 

54 

270 

— 


* Boron determinations by J. V. Jordan, 
t Boron rate doubled in spring, 1946. 

{Determinations by E. Date. 

§ Pistils. 

•f Boots. 

tomato leaf, a moderate increase in the stem of com and tomatoes, and a slight 
increase in the fruit or ears. Applications of 10 to 40 poimds an acre, with the 
lifter rate for sandy soils or boron-sensitive plants, should generally supply 
borax needs for vegetable plantings ■without toxicity symptoms. The high 
boron tolerance obtained with two silty clay loam soils studied (table 1) is 
rdated to their high base-exchange capacity and buffer values. 

Optimum and critical harm concentrations for varU^ts crops on WiUamette siUy 

day loam 

Several plantings were included in the study of optimum and critical con¬ 
centrations of boron on Willamette silty clay in 1947 and 1948. The data are 
s ummar ized in table 1. Eighty pounds of borax broadcast at planting time 
resulted in a m a x i mum yield of tomatoes. Bountiful beans, carrots, and table 
beets. As com produced few ears and sunflower seeds were not mature at harvest 
time, comparative yields were not taken for those crops. The two hea'vier ap¬ 
plications caused toxicity symptoms on the foliage of the com but caused no 
visible injury on the sunflower leaves. Toxicity symptoms, or discoloration of 
edges, as well as interior jotting, occurred in ^e lower leaves of the tomatoes, 
beans and, com. Canker was prevalent on the imtreated beet plot. It was sub¬ 
stantially reduced by the 80-pound applications and was absent ■with the heavier 
applications of borax. 
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In general, the boron content of the stem, leaf, and fruit innr aflRp j as Uis 
rate of application of boron was increased. This appears to be most nuirW in 
the stem of the fruit or ears. Sunflower pistils were high in boron. 

In September 1947, the available soil boron of the untreated plot, 0- to 7-inch 
depth, was 0.55 ppm.; with 80-pound application it was 0.70 ppm.; with 160- 
pound application it was 0.90 ppm.; and with 320-pound application it was 
1.75 ppm. For the 0- to 14-inch depth, boron penetration increased with rate of 
treatment from 2 ppm. for the control to 3, 5, and 6 ppm. with rates 

of application. 

From these tests it would appear that beans are very sensitive to boron, 
that com is fairly sensitive, and that beets, carrots, sunflowers, tomatoes, apd 
alfalfa are relatively tolerant. In this test, 80 pounds was a favorable rate of 
application for tomatoes, sunflowers, carrots, and table beets in Willamette 
silty clay. The boron content of the parts of plants giving TnflTiTnnm yields 
appears to indicate a suitable supply. 

Removal o/ excess boron 

Melbourne silty clay loam treated with heavy applications of borax at the 
Camp Adair area to kill poison oak caused injury to all vegetation. Available 
boron in this soil when collected was 200 ppm. 

The soil was set up in a series of 6-inch flower pots with triplicated treat¬ 
ments and subjected to leaching in the greenhouse for 2 years. It was found 
that heavy applications of oak litter aided removal of mccess boron. lime, 
sulfur, gypsum, or manure treatments were less effective than oak litter. The 
lime reduced the available-boron concentration. Leaching without other treat¬ 
ment proved to be a slow, yet effective, method of removing excess boron from 
the soil. In the 2-year period between March 1945 and March 1947, the avail¬ 
able boron was reduced from 200 to less than 5 ppm. During the early part of 
the experiment, sunflowers, alsike clover, and Bountiful bean seed germinated, 
but all the sprouts yellowed and withered. Some faint toxicity symptoms were 
still evident with the bean as an indicator plant where the soil idiowed 3 ppm. 
of available boron. The oak litter and leaching reduced the concentration to 
1.1 ppm. in the 2-year period. 

lOamath peat from the experimental area in the lower Klamath mai-sh had 
a pH of 9.0 and was formd to contain an objectionable amount of available 
boron, or 20 ppm. Table 2 summarizes an experiment conducted with the peat 
in the greenhouse to determine the value of heavy leaching and chemical treat¬ 
ment for removing excessive boron from the soil. Ten series of 5-gallon jars 
were set up, four or more applications being used. The treatments applied are 
indicated in table 2, which gives the 3 deld of oats and beans, the amount of 
leachate, soil reaction, and available boron found after each crop. After treat¬ 
ment, the jars were incubated for 6 wedss and then planted to Banner oats, 
followed by beans. 

The average yield of oat hay per replicate was 24.5 gm. for the check plots 
and 50.1 gm. for the plots receiving sulfur and lime. The manure-sulfur com- 
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bination was not so effective in raising the yield as were the manure and sulfur 
treatments individually. Yet the manure and sulfur treatments were most 
effective in reducing the over-all pH of the peat to 7.29 and 7.76 respectively. 
Leaching the checks reduced the soil pH to 8.30. The leaching process alone 
reduced the available boron. The most effective treatment was liming, which 
tended to tie up part of the boron in unavailable form, thereby reducing the 
available boron to 4.5 ppm. Manure proved effective in reducing the amount of 
available boron to 5.5 ppm. The manure-sulfur combination reduced the boron 
to 8 ppm. 

TABLE 2 


Boron removal from Klamath peat by soil treatment and leaching 


IBEA13CENT TBS ACRE 

NOVEICBES 1945 TO MAY 1946 

MAY TO JULY 1946 

Average 
Oat Hay 
Yield 

Leachate 

Soil pH* 

Available 

SoU 

Boront 

Average 

Bean 

Yieldt 

Leachate 

Soil pH 

Available 

Soil 

Boron 


gm. 

liters 


ppm. 

g». 

liters 


ppm 

Checks 

24.5 

5.5 

8.30 

13 

30.3 

2.3 

8.30 

10 

30 tons manure§ 


5.7 

7.29 

5.5 

85.1 

2.0 

7.27 

3 

30 tons manure! 

32.8 

5.6 

7.98 

8 

35.4 

2.6 

7.96 

5 

1 ton Sulfur 









30 tons manure! 

39.1 

5.5 

8.33 

8 

29.1 

2.0 

8.30 

6 

1 ton Lime 









1 ton Sulfur If 

44.3 

6.5 

7.75 

15 

39.4 

1 2.0 

7.60 

9 

2 tons G37psum1[ 

37.2 

-II 

8.20 

11 

39.7 

2.2 

8.17 

6 

2 tons Lime If 


5.5 

8.15 

4.5 

44.9 

2.3 

8.13 

2.5 

180 lbs. Borax ^ 

22.9 

6.6 

8.30 

i 

j 26.9 

2.2 

8.20 

12 


* Average pH of each replicate. 

t Determination on composite soil samples from each treatment. 

t Green weight of seven bean plants. 

§ Six replications. 

T Four replications. 

II Two leachate jars leaked. 

The heaviest growth of beans, 44.9 gm., was obtained from the limA pot, 
followed closely by the 39.7-gm. growth, with the gypsum treatment and than 
by the 39.4-gm. growth with the sulfur treatment. The manure sulfur 
treatments were stiU the most effective in reducing the soil pH. The available 
boron was further reduced to 2.5 ppm. with the limi-ng treatment and to 3 ppm. 
witii the manure treatment. Boron-toxicity symptoms were not evident in 
bean plants grown on the soil that had 2.5 ppm. available boron. Leaves of the 
plants in other jars containing hi^er amounts of available boron were brittle 
and had some markings at the edges of the lower leaves. 

Effect of boron on plant composition 

MenlM. A di^t increase in menthol content of noint oil has been found due 
to application d borax (7). 
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TABLE 3 

Relation of available soil boron and plant nutrition 


Field study on Chehalis silty clay loam 



SOIL 

BORON AND NITROOTN IN PLANT PARTS 

SOIL TREATMENT BORAX 

AVAIL¬ 

ABLE 

Stems 

1 Leaves 

Fruit 



1 Boron 

Nitrogen 

Boron 

Nitrogen | 

1 Boron 

Nitrogen 


Tomatoes 


/6./A. 

ppm. 

ppm. 

per cent 

ppm. 

per cent 

ppm. 

per cent 

40-broadcast. 

0.40 

30 

1.97 

80 

4.22 

10 

2.26 

80-broadcast. 

0.50 

35 

2.02 

80 

4.26 

10 

2.30 

160-broadcast. 

0.80 

35 

2.08 


4.24 

15 

2.29 

320-broadcast. 

1.15 

35 

2.11 


4.26 

16 

2.26 

40-drilled. 

0.85 

35 

1.81 





80-drilled. 

1.00 

30 

1.99 

80 

4.08 

8 


20-spray. 

0.40 

25 

1.86 

40 

4.26 


Wmwm 

Check. 

0.30 

25 

1.97 

20 


6 

2.21 



&weet i 

com 





40-broadcast. 

0.40 

8 

0.80 

8 

2.50 

8* 

3.19 

80-broadcast. 

0.50 

10 

0.86 

10 

2.55 

10 

3.39 

IGO-broadcast. 

0.80 

10 

0.82 

25 

2.53 

10 

3.51 

320-broadcast. 

1.15 

25 

0.87 

100 

2.59 

10 

3.72 

40-drilled. 

0.85 

4 

0.85 

8 

3.73 

4 

3.19 

80-drilled. 

1.00 

4 

0.90 

15 

2.65 

5 

3.24 

20-Bpray. 

0.40 

4 

0.80 

8 

2.48 

4 

3.13 

Check. 

0.30 

3 

i 

0.78 

8 

1 

1.91 

4 

3.05 


♦Kernels only. 


TABLE 4 


Relation of available soil boron to nitrogen and boron content of bean leaves 

Greenhouse study 


SOIL TREATMENT B AS 

BORIC AdB 

CBEBAUS SILTY CLAY LOAM 

CAMAS GRAVELLY LO.VM 

Available 
soil boron 

Bean leaf 

Available 
soil boron 

Bean leaf 

Boron 

Nitrogen 

Boron 

Nitrogen 

Ib.lA. 

ppm. 

ppm. 

per cent 

ppm. 

ppm. 

per cent 

Checks 

0.4 

30 

2.97 

0.3 

25 

2.92 

5 

0.6 ! 

50 

3.27 




10 

0.7 

60 

3.64 

0.5 

40 


20 1 

i 



0.9 

130 


40 



1 

1.2 

220 



Nitrogen* Deteraiinations of nitrogen in tomatoes, sweet com, and beans ^ 
grown with and without borax treatment on three dijfferent soils, made in 1945, t 
showed higher total nitrogen content in two out of three instances where boron ^ 
was applied. 
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Analyses of plant parts of sweet com and tomatoes grown in Chehalis silty 
clay loam in the borax variation trials in 1945 (Table 3) indicate higher nitrogen 
contents at the toxic level. 

Analyses of plants grown irnder controlled conditions in the greenhouse 
(Table 4) reveal consistent increase in leaf nitrogen with increase in leaf boron. 

CUorophyll. When boron overcomes the chlorotic condition or yellow-top 
of alfalfa, the greener alfalfa has been found to contain more chlorophyll (5). 

Potatoes. The yield of potatoes has been increased moderately in some cases 
and depressed slightly in others by boron. Smoothness and grade quality appear 
to be improved. Potatoes are very sensitive to borax, which may be more safely 
\ised if broadcast at a reduced rate of a few pounds an acre on sandy soils. 

DISCUSSION 

Cihemically pure boric acid was applied in very dilute solution with a garden 
sprinkler in early controlled experiments, but use of granular borax is usually 
cheaper for field use. Granular borax may be applied by broadcasting evenly 
and at the rate of 30 pounds an acre very early in the growing season. The 
boron treatment has been found to carry over at least 2 years. Borax may be 
applied as clover seed is sown or with landplaster in a drill. 

Com, potatoes, and beans may be injured by more than 15 to 30 pounds 
borax an acre or by less if drilled on medium textured soils. Alfalfa, beets, 
carrots, tomatoes, and sunflowers are relatively tolerant. Application of 30 
pounds borax an acre has controlled alfalfa yellow-top; 50 pounds frequently 
has made more hay. For medium textured western Oregon soils this latter 
amount is mixed with 125 pounds of gypsum an acre or 150 pounds of super¬ 
phosphate for sowing on alfalfa. If alfalfa is to be replaced by a boron-sensitive 
crop the following year, 30 pounds an acre may be safer. Two pounds of boric 
acid contains approximately as much of the element boron as does 3 pounds of 
borax. Borax may now be obtained from most fertilizer dealers. 

The di^tly higher efficiency from drilling or spraying may be more than offset 
by the convenience of broadcast applications. For moderately sensitive crops, 
borax may best be broadcast a wcdi or 10 days before the planting date. 

Use of boron on Eastern Oregon soils, except in limited ai'eas, is not beyond 
the experimental stage. In Eastern Oiegon there is little evidence of any de¬ 
ficiency except possibly on neutral soils with rapid drainage. Springdale sandy 
loam, Yakima gravelly loam, and Deschutes sandy loam are rather low in 
available boron. 

With continued cropping, boron may become increasingly needed on leached 
soils. Deficiency si^ptoms may come to be recognized on various crops. A 
condition similar to alfalfa ydlow-top has been observed on clover and on vetch 
and corrected by use of boron, though their boron requirements are much lower 
than that of alfalfa. Besponse of grasses in alfalfa plots treated with borax 
has been observed. It may be in part indirect. 

Generally a second borax treatment should be delayed 2 or 3 years or until 
deficiency symptoms or soil or leaf analyses indicate need for further boron. 
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An excess of boron is highly toxic. Care should be taken in use of the nutrient. 
As indicated herein, liming will reduce concentration of available boron, whereas 
use of sulfur and manure with copious irrigation will hasten eliinmation of an 
excess from permeable soil. / 

SUMMARY 

A study of optimum and critical boron concentrations mth. different soils 
and crops shows that alfalfa, table beets, carrots, and sunflowers are very 
tolerant to boron, whereas beans and tomatoes are very sensitive. The applica¬ 
tion for the former crops on medium textured, nearly neutral soils may be 30 
to 50 pounds of borax an acre, whereas for potatoes and beans it must be limited 
to 10. A desirable level of available boron for such soil is 0.5 to 1.0 ppm. 

Alfalfa may show yellow-top when the boron content is bdow 12 ppm. Thrifty 
plants on good alfalfa soils contain 20 to 50 ppm. boron. 

Soil with an excess of available boron may be improved by drainage with 
applications of sulfur and manure and copious irrigation. If this is not feasible, 
liming may be used to aid solubility and activity of boron present. 
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IDENTIFICATION OF MINERALS IN SOIL CLAY BY X-RAY 
DIFFRACTION PATTERNS 

H. W. VAN DER MARED 

Agricultural Experiment Station and Institute for Soil Research TJf.O., Groningen, 

Netherlands 

X-ray diffraction data concerning minerals that may occur in the clay separate 
(particles <2jtt) of soils are 'widespread in ■the litera'ture. They are found in ce¬ 
ramic, mineralogic, and crys'tallographic papers and in communications and bul¬ 
letins from several agricultural stations. Urbain (45) and Nagelschmidt (39) 
have published x-ray data of some of these materials. Hanawalt el d. (16) and 
the American Society for Testing Materials (1) have published extensive data 
on resp)ec'(ively, some 1,000 and some 3,000 inorganic and organic specimens, 
including minerals that may be found in the clay separate of soUs. 

"When the several data on these minerals are compared, however, great differ¬ 
ences are generally observed. The reasons are twofold. 

First, material analyzed by the various workers is impure. This is because 
some clay minerals (for example, illite) occurring in nature only in dunendons 
of <2fe, unlike common minerals that can be obtained in a pure form in larger 
sizes, are generally contaminated by small amounts of other clay minerals, pre¬ 
dominantly quartz and micas. 

Second, in most of the papers, the thickness of the specimen or the eccentricity 
in regard to the center of the camera has been neglected. Both give rise to diver¬ 
gences in the real distance of the diffracted beams on the photo caused by the 
specimen itself. At low glancing angles especially, in which case the most char¬ 
acteristic patterns for identification of soil clay minerals are found, the divergence 
caused by thickness of the specimen is the greatest (table 1). 

Finally, x-ray diffraction data of minerals, such as diaspore, lepidocrodte 
(iron rust), sepiolite, talc, and pyrophyllite, which do not occur in the clay sepa¬ 
rate of soils, or such as halloysite (10 A.), nontronite, attapulgite, and cristo- 
balite, which occur only in particular sediments or layers from certain localities, 
are tabulated together with soil clay minerals. 

The purpose of this paper is to give exact x-ray data on minerals that may 
occur especially in the clay separate (<2/*) of soils so that identification of an 
x-ray pattern of an unknown clay sample is facilitated. 

MINBBALS 

For comparable data, photos were obtained from particles <2n (free from 
organic matter) which were isolated from soils (sediments) of different localities 

‘ The au-thor is indebted to P. M. de Wolff (Laboratory for Physics, Technical University 
of Delft) and to D. W. Smits (Laboratory for Inorgamc Chemistry, University of Gronin¬ 
gen) for their advice daring the coarse of this stady, and to P. Kroizinga (Laboratory for 
Geology and Mineralogy, Technical University of Delft) for samples of pare minerals. 
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by the Atterberg sedimentation method. This was done because patterns of 
mineral particles of this size are much broader and more diffuse than patterns 
from coarser particles. 

Except in a few cases in which no purer soil clay mineral <2/i was available, 
grinding to obtain particles <2^ was omitted, as by this procedure the reflections 
are broadened as a result of disturbed faces. 

Extensive x-ray data are also given for glycerol-treated halloysite (10 A.), 
montmorillonite, and nontronite, which are clay minerals with basal spacings 
varying enormously with the amount of water between the layers. The glycerol 

TABLE 1 

Relation between the observed distance B 1' {distance between two corresponding reflections on 
an x-ray photo^j the real glancing angle Q {as degrees), and the interplanar spacing d {as A,) 
of a crystal face, assuming the order of the reflection (n) *= l,a radius {true) of the camera R =» 
mm., a radius of the specimen in the capillary r *= 0.S0 mm., a real eccentricity of the 
specimen in the direction of the rays b = 0.09 mm., and with Co radiation (X = 1.787 A.) 


2l'm 

IOC. 

(ob¬ 

served) 

‘^*41 

(radi¬ 

ans) 

enj 

DEGREES 

izN A 
( NOT 
cor¬ 
rected) 

r(/ + 
cos.2d) 

sin. 2d 

2 b sin. 
26 

CORREC¬ 

TION 

2l'lN 

IOC. 

(cor¬ 

rected) 


6 m 

DEGREES) 

iiN A 
(cor- 
rbcied) 

4.0 

0.0367 

2.1028 

24.3 

0.60 

0.0733 

0.01 

0.59 

3.41 

0.0313 

1.7934 

28.5 

4.1 

0.0376 

2.1543 

23.8 

0.60 

0.0751 

0.01 

0.59 

3.51 

0.0322 

1.8449 

27.7 

4.2 

0,0385 

2.2059 

23.2 

0.60 

0.0769 

0.01 

0.59 

3.61 

0.0331 

1.8965 

27.0 

40.0 

0.3671 

21.0333 

2.49 

0.52 

0.6700 

0.12 

0.40 

39.60 

0.3634 

20.8213 

2.51 

40.2 

0.3689 

21.1364 

2.48 

0.52 

0.6727 

0.12 

0.40 

39.80 

0.3653 

20.9301 

2.50 

40.0 

0.3708 

21.2453 

2.47 

0.52 

0.6755 

0.12 

0.40 

40.00 

0.3671 

21.0333 

2.49 

80.0 

0.7342 

42.0666 

1.33 

0.33 

0.9948 

0.17 

0.16 

79.84 

0.7327 

41.9806 

1.34 

80.5 

0.7388 

42.3301 

1.33 

0.33 

0.9957 

0.17 

0.16 

80.34 

0.7373 

42.2442 

1.33 

81.0 

0.7434 

42.5937 

1,32 

0.33 

0.9965 

0.17 

0.16 

80.84 

0.7419 

42.5077 

1.32 

139.0 

1.2757 

73.0922 

0.93 

0.05 

0.5565 

0.10 

-0.05 

139.05 

1.2762 

73.1209 

0.93 

139.5 

1.2803 

73.3558 

0.93 

0.05 

0.5488 

0.09 

-0.04 

139.54 

1.2807 

73.3787 

0.93 

140.0 

1.2849 

73.6193 

0.93 

0.05 

0.5411 

0.09 

-0.04 

140.04 

1.2852 

73.6365 

0.93 


method for clay minerals as proposed by MacEwan (30) was followed, because 
with this procedure constant basal data of high intensity can be obtained. Thus, 
especially if montmorillonite is only a minor component in soil clays, diffraction 
effects from this mineral are more easily discerned than those of the untreated 
sample. Further, for completeness, x-ray data are also given of certain minerals 
occurring only in the clay (<2iti) separate of sediments (layers) from certain 
localities. Lastly, x-ray data are given for biotite, muscovite, and sericite, mica 
minerals which are closely related to soil clay minerals: thus, biotite to glauco¬ 
nite, and muscovite and sericite to illite. 

In the clay separate of biotite-rich soils from Sumatra’s East Coast of rhyolitic 
origin, kaolinite was found together with traces of biotite and of weathered 
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biotite. Here, weathering is so intense that the coarse biotite particles are con¬ 
verted first to hydrated biotite—(K, OH8)(Hs, Mg, Fe)s(SisAl)Oio(OH)2-nH20— 
and then to kaolinite. 

Hydrated biotite can be distinguished from biotite—K(Mg,Fe)8(Si8Al)Oio 
(0H)2—only by a larger basal spacing, that is, d = 13.6-13.8 A. against d = 
10.9 A. (pi. 3, fig. 24). 

Hydrated biotite formed by weathering of coarse biotite particles is, of course, 
quite different from the coarse mixed layer mineral consisting of a stacking of 
three venniculite—(Mg,Fe) 3 (Si,Al,Fe) 40 io(OH) 2 - 4 H 20 —to two biotite units 
per unit cell, as was observed by Gruner (12) and which he called “hsrdrobiotite.” 

The following reflections are characteristic and serve to distinguish venniculite, 
biotite, and hydrated biotite from one another: 

Vermicalite: d =* 4.64 A. an ^ d 3.60 A. 

Vermiculite + glycerol: d « 3.60 A. as venniculite, but reflection d = 4.64 A. absent and 
new reflections on the photo: d « 4.80 A. and d =» 4.16 A. 

Biotite and hydrated biotite: d » 3.36 A. and reflections of both minerals unchanged or new 
reflections unaffected by glycerol or potassium. 

Biotite: d — 10.9 A. against d == 13.6-13.8 A. for hydrated biotite, d * 14.9-17.6 A. (broad 
band) for venniculite with or without glycerol, and d = 11.5-12.4 A. (variable) for vermic¬ 
ulite saturated with potassium. 

Older literature commonly reports that muscovite is found in the <2 m separate 
of soils, sometimes in considerable amounts. Muscovite, however, is a mineral 
present in volcanic rocks, that is, a “primary’’ mineral which cannot withstand 
weathering as particles <2/i, in contrast with specific clay minerals, that is, 
“secondary” minerals. Therefore, most of the muscovite found in the <2ii sepa¬ 
rate of soils, except for some larger, flat-shaped muscovite which has sedimented 
together with particles <2 m, is in reality illite (also called ^Tiydromuscovite,” 
“sericite-like mineral,” and “glimmerton”). 

The difference between the two minerals is small. Only the following reflections 
on the photos are characteristic and serve to distinguish one from the other: 

I-distinct lines- 1 i-diffuse band- 1 

Illite: d « 3.03 A., d - 2.82 A. and d = 1.68 A., d - 1.64 A. 

I-distinct lines-1 I -distinct lines-1 

Muacooite: d » 3.19 A., d =* 2.97 A. and d « 1.74 A., d «» 1.64 A. 

If, however, illite and muscovite both occur in the <2ju separate of a sediment, 
they can only be distinguished thus: 

Ulile: d » 3.03 A. and d « 2.82 A. 

Muscovite: d » 3.19 A. and d » 2.97 A; 

Sometimes in the clay separate of soils, especially in the finer separates (<0.5 
M, <0.125 m), d = 3.03 A. and d = 2.82 A. of illite are barely visible. Bright lines 
appear, however, if these separates are pretreated with 10 per cent HCl for 1 hour 
on a boiling water bath and are then treated with 5 per cent NaOH for 10 minutes 
at approximately 55° C. to dissolve precipitated silica. 
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Exceptions to the rule that only ‘'secondary’’ minerals occur as particles <2 m 
in soils are quartz and cristobalite, which are extremely resistant to weathering 
processes. Thus quartz, even when leached with organic acids (podzol weather¬ 
ing process) is virtually unaffected (34). Quartz and cristobalite, therefore, may 
occur in considerable amounts in the <2 /x separate of sediments, as was en¬ 
countered in some thoroughly weathered Brazilian soil clays, which contained 
approximately 50 per cent quartz, and as was observed by Gruner (15) in some 
thoroughly weathered volcanic ash. beds, which contained approximately 30 per 
cent cristobalite. 

Iron and aluminum oxides (goethite, hematite, hydrargillite, boehmite) and 
calcite, which are readily influenced by weathering processes, are also exceptions. 
Thus, in the tropics, yellow-colored (goethite) profiles in fresh excavations of a 
road become red colored (hematite) after some years if the soil is well drained 
and air can enter it readily. In river and sea muds, fine (<2 fi) calcite particles 
be formed by microbiological activity. In sea muds, moreover, fine calcite 
particles may be precipitated by changes of the CO 2 percentage caused by varia¬ 
tions in the temperature of the sea water. 

Among the “secondary” minerals, metahalloysite (7 A.) may confuse the iden¬ 
tification of kaolinite, as metahalloysite, with its characteristic broad diffuse band 
of 2.6“2.3 A., causes the distinct 2.57-2.49 A. and 2.34r-2.28 A. reflections of 
kaolinite also to appear on the photo as a broad diffuse band. Thus kaolinite, 
when occurring together with fresh crystallized metahalloysite, such as was 
found in some lateritic weathered soils from Sumatra, may be mistaken for meta¬ 
halloysite. Heating the clay separate with 10 per cent HCl for 1 hour on a boiling 
water bath and then dissolving the precipitated silica by treatment with 5 per 
cent NaOH for 10 minutes at approximately 55® C., will readily remove this dis¬ 
turbing component. 


X-RAYS 

X-rays were obtained by a Philips Co target, water-cooled, having an output 
of ±19 ma. at ±40 KV, and producing K«-i = 1.78529 A., K «.2 = 1.78919 A., 
and Kp_x — 1.61744 A. rays. The intensity of the last were reduced to almost 
negligible amounts by means of an Fe fiilter (0.015 mm.), which was placed before 
the opening (of lindemann glass) of the Co target. In this way, almost nothing 
but and EI «_2 rays entered the camera in amounts of 2:1 (average = 1.787 
A.). A Co target was used to obtain clear photos of clay minerals which may 
contain considerable amounts of iron ions in their crystals (hematite, goethite, 
nontronite) or which, like most clay particles separated from soils, are con¬ 
taminated by iron and manganese oxides (hydroxides). 

CAMERA 

A hydrogen-filled cylindrical Favejee camera (10) having an inner diameter 
of 54.9 mm. was used. Width and length of the film were respectively 150 and 
45 mm. A collimator with 0.5-mm. pinholes spaced 55 mm. apart was used. 

The clay specimen turned at about six rotations an hour in a thin-walled glass 
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capillary -with a diameter of 0.6 mm. and which was mounted at the lower end 
of a glass tube (diameter = 10 mm.) by means of solid wax like that commonly 
used by dentists. It was centered in the camera, with regard to the axis of rota¬ 
tion of the specimen, by means of two screws which could move tihe glass tubes 
at right an^es to each other. This manipulation was controlled by mfinTiB of a 
microscope (25 X) which could be moved some distance into the camera and by 
placing a lamp at the opposite opening of the camera.^ 

The average time of exposure was 8 hours. Blue-Brand Eastman x-ray fiima 
duplitized and Kodak developer and fixer were used. Development was per¬ 
formed under standardized conditions. To determine shrinkage, a scale was 
printed on the film before the camera was loaded. Shrinkage, however, proved 
to be so small with this sized camera, that it could be neglected. 

With this arrangement, x-ray diffraction patterns could be obtained that were 
still bright at the center of the film hole (with a diameter of 4 mm.). Thus spac- 
ings up to approximately 26 A. could be correctly read off. A disadvantage of this 
small camera is that its dispersing power is too low to give distinct lines of re¬ 
flections very close to each other. X-ray diffraction photos of soil clay minerals 
<2 M are generally not sharp anyway, as most of the lines are broadened as a 
result of disturbed faces occurring at the surfaces of the fine particles. Further¬ 
more, colloids cause some darkening, especially in the caater of the film , where 
are found the most important reflections by which the soil clay minerals can be 
distinguished from one another. These colloids can, of course, be removed by the 
Drosdoff method (7), but this manipulation also removes goetbite, bodunite, 
and caldte. 

To obtain more detailed x-ray data whidh may be important for identification 
of a certain clay mineral occurring together with other clay minerals, or to deter¬ 
mine the real crystal system to which a certain day mineral bdongs, one should 
of course operate with a camera of larger dispersing power. This was done suc¬ 
cessfully by Brindley (5) for kaolinite and by P. M. de Wolff for halloysite (10 
A.), metahalloysite, attapulgite, montmorillonite, and glauconite.’ A disadvan¬ 
tage of cameras with large dispersing power is that faint lines are broadened in 
such a way that they mostly disappear in the general background darkening of 
the film. 


PREPARATION OP THE SAMPLE 

The <2 n particles were separated, by means of Atterberg sedimentation 
cylinders, from the natural days and soils by use of 10 per cent HaOs to destroy 
organic matter and of 0.1 N NBhOH to disperse the partides. After being dried 
at approximatdy 110® C., they were passed throu^ a 45-/Lt sieve. The material 
thus obtained was insert^ in the 0.6-mm. ^ass capillary by carefully tapping 
the tube to which the capillary was fastened. 

To obtain constant x-ray data of minerals with basal spacings varying con¬ 
siderably with the amoimt of water between the layers, these days were also 

“For further detdls, see (10). 

* Unpublished results. 
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glycerol-treated according to the MacEwan method (30). For this purpose, the 
dried clay particles <2 m obtained by the Atterberg sedimentation cylinders 
were first soaked vdth glycerol and then heated at approximately 170° C. in an 
oven until they were dry enough to pass through the 45-/i sieve. The sieved ma¬ 
terial was put into the capillary, and the glass tube was closed at the top with a 
rubber stopper. 


BEADINGS 

The distances between corresponding reflections on the photo were deteimined 
with a measuring microscope especially constructed for the size of the films ob¬ 
tained with the Favejee camera (15 by 4 cm.). White diffuse light of room tem¬ 
perature was produced by throwing the beams of two 40-watt Philips fluorescent 
mercury gas tubes through a plate of opaque glass. The film was mounted and 
held fiat on this plate by means of a spring clamp on each side. 

The microscope had a 30-mm. objective and an eyepiece with a vertically 
mounted wire in the middle. Its magnification amoimted to about 6 X, which 
was sufficient for examination of the large-grained x-ray films, upon which, be¬ 
sides bright lines, more diffuse lines (bands) were produced by the diffracted 
x-rays of the clay mineral. 

The microscope tube was moved slowly alongside the film by means of a re¬ 
duction gear, so that very accurate observations could be read on the scale. The 
latter was machine-divided into millimeters, and the vernier permitted readings 
to 0.1 mm. Relative intensities were noted by visual observation and expressed 
in grades: I = very strong, II = strong, III == medium, IV = weak, V = very 
weak, VI ~ barely visible. 


CALCULATIONS 

Correction for thickness of specimen in thin-walled glass capillary 

In figure 1 the path of a beam in the circular camera, diffracted on the surface 
of the specimen, is shown schematically. From this it can be concluded that a 
correction of r(l -f cos. 2 5), according to Kolkmeyer et at. (25), must be intro¬ 
duced into the calculation to obtain the real d (interplanar spacing) value of a 
diffracted beam if the distance between the most intensive parts is measured. 
Especially at low glancing angles, the correction for thickness of the specimen 
may be considerable (table 1). 

In the foregoing, it has been assumed that the beam is diffracted only on the 
surface of the specimen. If, however, the beam passes through the specimen and 
if only the distance between the most intensive parts of the corresponding lines 
on each side of the center of the film, hole is measured, the correction for thickness 
of the specimen should, of course, be omitted. 

To determine what happens in the camera using a Co tube (Ka-ia -2 = 1.787 A.) 
the following calculations are suggested: 

Absorption of x-rays by material can be represented by the equation 
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where I - intensity of x-rays after penetrating the material to a certain depth 
Jo = intensity of x-rays at the surface 
c =« 2,718281 . . . 

“ * mass absorption coefficient per centimeter material [For these coefficients, 

see Ilodgman (19, pp. 2006, 2007).] 
d = volume weight of the material 

p = depth, in centimeters, to which the x-rays have penetrated the material. 



Incident x-roys 
«mcr 9 tng from 
cellf motor 


9 Gloncin 9 ongic 
2r of the specimen 
C ^Correction for thickness 
r (1 4cos sdlfor distonce 21* 

21* Observed distonce diffrocted 
21 ^ Distance diffracted rqys Sf r 


Co$.2 8:^^ Xsreos. 2 0 

4'Xx:lr0-*'eos.2 6) 

Osr-x 

rays Corrxcttonsx+±asi r(i+cos.a Q) 
:0 


2 R SB Inner 0 of camera 

Fig. 1. Calculation op Cobrtsction por Dippractbd R*yb Caused bt Thickness op 

Specimen 

Not drawn io scale. 


In table 2 the results are summarized for several clay minerals and other ma¬ 
terial when the volume wei^t of the powdered material in the capillary is as¬ 
sumed to be 0.5-1.0 and the inner diameter of the capillary or that of the massive 
rod equals 0.06 cm. From these results it may be concluded that the inddent 
x-rays are almost completely absorbed by heavy minerals such as platinum 
Only 0.1 and 3.8 per cent of the incoming x-rays go throu^ sodium chloride 
in the capillary. More go through clay minerals, especially montmoiillonite 
saturated with water (or glycerol). But these figures can also be disregarded, in 
view of the fact that montmorillonite generally contains considerable amounts of 
magnesium and calcium having a n/p of approximately 60 and 225 respectively. 
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As regards cellulose, 70 per cent pass through the specimen with a diameter of 
0.06 cm. In this case the correction for thickness of the specimen (maximum = 
0.06 cm.) may, of course, be omitted. 

Correction for cccentridly of specimen with regard to center of camera 

In figure 2 the path of a beam in the circular camera is shown schematically. 
The following positions are noted: The center of the specimen is found on the 
left (see B) or right (see A) side of the center of the camera cylinder. From figure 
2 A and 2 B it may be concluded that the distances observed (2 V) are not influ¬ 
enced by the position of the center of the specimen with regard to the center 
of the camera cylinder. If the divergence is too large, however, the photo is 


TABIiE 2 

Absorption of K«i-.a 2 Co radiation (X =» 1.787 ^1.) by specimens 0.06 cm. thick and having a 

volume weight of 0.5 and 1.0 


ICATESIAL 

rosacniA 

P 

spsaFic 

oiAvm 

VOLUICE 

WEIGHT 

I 

h 

VOLUICE 

WEIGHT 

7o 






per 


per 






cent 


cent 

Platiaum. 

Pt 

280 

11.9 

11.9* 

io-»» 



Cellulose. 

(CsHioOOi^ 

12 

1.6 

0.5 

70 



Quartz. 

SiOs 

52 

2.6 

0.5 

21 

1.0 

4.4 

Sodium chlo¬ 








ride. 

NaCl 

109 

2.2 

0.5 

3.8 

1.0 

0.1 

Kaolinite. 

(Al,)Si*0»(OH)* 

46 

2.6 

0.5 

25 

1.0 

6.3 

Montmoril¬ 








lonite. 

(Al.)Si 40 io(OH)r»HjO 

38t 

2.6 

0.6 

28 

1.0 

8.0 

Muscovite. 

K(Als) (Si,Al)Oi»(OH), 

65 

2.6 

0.5 

14 

l.O 

2.0 


^ Specimen as massive rod. 

t Montmorillonite saturated with water—about 30 per cent H 2 O. 


darker (overexposmed) at one side than at the other (underexposured), and ac¬ 
curate readings cannot be obtained. 

From figure 2 C and 2 D it may be concluded that if the axis on which the 
specimen is rotated during exposure in the camera-cylinder is not exactly in the 
center of the camera, the distance (]?') from the center of the specimen {M') 
to the middle of the double sensitive film is not equal to the distance (jB) from 
the center of the camera (M) to the middle of the double sensitive film. Accord¬ 
ing to Kolkmeyer and Moesveld (25), this divergence can be represented by the 
equation db2 5 sin. 2 0, if the distance between the most intenave parts of the 
corresponding lines on each side of the center of the film hole is measured. In this 
equation, 6 = the component of the real eccentricity of the specimen in the 
cylindrical camera (distance between the center of the camera and the center 
of the specimen) in the direction of the incident x-rays, and 6 = the gln.T><»iTig 
anj^e of a diffracted ray. 
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d (interatomic spacing) data, assuming n (order of reflection) = 1, a table was 
calculated by means of the formulas: 6 (in radians) = (2 V [corrected]/4 B) and 
d = (nX/2 sin. d) in which X == the wave length of the x-rays used = 1.787 A., 
and B = the glancing angle of a diffracted ray. By correcting the observed dis¬ 
tance 2 V for the thickness of the specimen — r (1 + cos. 2 B) and for the eccen¬ 
tricity of the specimen in the direction of the rays == 26 sin. 2 B, 2 V corrected, 
in mm., was obtained. Table 1 gives examples of these calculations for observed 
2 V values ranging from 4 mm. to 140 mm. 

RESULTS 

The results of the observations are summarized in three groups. Reflections 
observed by other investigators can be found in the literature as indicated for 
each mineral. As has been mentioned, differences may occur for which several 
factors are responsible. X-ray photos are reproduced for all the minerals investi¬ 
gated (plates 1 to 3) and also for the clay {<2 fi) separate of some interesting 
soils from different localities (plate 4). 

Group 7. Minerals which may occur in the clay {<2 ii) separate of soils (see 
appendix 2). 

Quartz:® SiOa (1, 9, 10, 16, 18, 39, 45). 

Montmorillonite: (Alla SiiOio(OH)2*nH20 (9, 14, 16, 20, 23, 24, 28, 29, 33, 39, 45). 
Kaolinite: (Ala) SiaOs (OH )4 (5, 6, 9, 16, 35, 39, 42, 45). 

Metahalloysite 7 A: (Al)aSi206 (OH )4 (6, 27, 35, 39, 42, 43, 45). 
mite: K(Al)a(Si»Al)(0,OH)io (OHla (11, 32, 39). 

Glauconite: Ka (Mg, Fe^la (Fe+++, Al)* (Si,*Al2)04o(OH)8 (13, 32). 

GoetMte;a FeO (OH) (1,16, 39). 

Hematite:® FeaOa (16, 17, 39). 

Boehmite: 7 AIO(OH) (1, 16, 39, 41, 47). 

Hydrargillite (gibbsite): 7 Al(OH)8 (1, 2, 16, 17, 39, 47). 

Calcite: CaCO, (16, 18, 37). 

Group II. Minerals which may occur in the clay (<2 p) separate of sediments 
Oayers) of certain localities (see appendix 2). 

Nontronite (ohloropal): (Fe,Al)a Si 40 io(OH) 2 *nHaO (1, 14, 23, 39, 40, 45). Localities: St. 

Andreasberg (Germany), Castle Rock (Washington, U. S. A.), etc. 

Critobalite 03SiOa) (3, 15,16, 21, 31, 39, 46). Localities: together with montmorillonite in 
some bentonites of Wyoming (U, S. A.) and of Tomesti (Rumania), etc, 

1.59 1.95 2.5^ 3.85 7.85 7.85 385 2.58 195 1.59 A 

I - I" ■ ■ ■ I ' " I I I I I I I I • 

54SS1 1S345 cm. 

Scale of x-ray Plates 

PLA.TBS 1-3. CLA.T (<2^) SEPARATE OP PXJEB MINERALS 
Fig. 1-13. Minerals which may occur in the clay separate of soils 
Figs. 14-20. Minerals which may occur in the clay (<2 ai) separate of sediments (layers) 
of certain localities 

Figs. 21-24. Rock minerals to which minerals occurring in the clay (<2/i) separate of 
soils are closely related 




kaolinite goethite 
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Halloy&ite 10 A. (endollite): (AlhSijOs (0II)rH20 (35, 43). Localities: JMartinsborg 
rEIungary), Eureka (Utah, U. S. A), Djebel Debar (Libya, North Africa), etc. 
Indianaito (a mixture of hydrargillile with halloysito and metahalloysilc or of motahal- 
loysito with halloysite) (44). Locality: Indiana (U. S. A.). 

Atlapulgite (fuller’s earth, palygorskite): (OIIj) j (OlDi Mg .Sis Oj«. 4ir.>() (4, 23, 26, 39, 15). 
Localities Attapulgus (deorgia, U. S. A.), Mormoiron (Vauclusc, France), etc. 

Group HI. Kock minerals to which minerals occurring in the clay {<2 p) 
separate of soils are related (see appendix 3). 

Muscovite: K(Al)>(Si>Al)Oi(,(OH)i (1, <S, 9,11,16,22,32, 38,45) related to sericite and illitc. 
Sericite: (H,K)20-2rii0j-Al.Q. (38) related to muscovite and to illite. 

Biotite: K (Mg, Fe)o (Si.Al)Oiu (011)2 (7, 13, 32, 36, 38) related to hydrated biotitc and to 
glauconite. 


APPENDIX 1 

Calculation of the component of the real eccentricity of the specimen in the cylindrical 
camera (distance between center of camera and center of specimen) in the direction of the 
incident x-rays * l> and the true radius of the camera cylinder = R: 

B ~ glancing angle of a diffracted beam. 

rad. = radians. 

V = observed distance from most intensive part of reflection to center of film. 

X = — 1.787 A 

r = radius of specimen in capillary = 0.3 mm. 

cr = standard deviation. 

R == radius of camera cylinder. 

E' « distance i)etwcon the center of the specimen and the middle of the double sensi¬ 
tive film. 

b = component of the real eccentricity of the specimen in the cylindrical camera in 
the direction of the incident x-ray beams. 

Uo = interatomic spacing between two e lual sorted ions in KCl crystal = 6.28 A. 

Plate 4. Cl.vy (<2/x) Separate, Glycbrol-Tue.ated, of Soils prom Different 

LO(^ VLTTIES 

Characteristic reflections for identification of each mineral arc shown in parcnthes(‘s, and 
minerals are arranged in decreasing order of amounts 

Fin. 25. Loess, Limburg, Netherlands: illite (10.8 A. and band 1.68-1.61 A.), (piartz 
(1.54 A.), kaolinite (7.5 A.), and montmorillonitc (broad band 23.1-17.9 .V.) 

Fid. 26. Sea clay, Flanders, Netherlands: illite, kaolinite, cpiartz, and some montmoril- 
lonite 

Fig. 27. Soil from weathered marl (Gulpensc krijt), Limburg, Netherlands: caleite 
(3.04 A.), montmorillonite, and quartz 

Fig. 28. Subsoil of podzol heath of Pcest, Drenthe, Netherlands: illite, quartz, kaolinite, 
and boehmite (6.5-6.1 A.) 

Fig. 29. Soil from weathered volcanic ash of andesitic origin, Mcrapi volcano, Java: 
montmorillonite and kaolinite 

Fig. 30. Lateritic soil, terra roxa, Brazil: kaolinite, hydrargillite (5.1-4.9 A. and 4.6- 
4 3A), and hematite (2.70 A. and 2.51 A.) 

Fig. 31. Alluvial soil, Langsa, Sumatra (East Coast): kaolinite, illite, and quartz 

Fig. 32. Lateritic soil from weathered rhyolitic tuff, Sumatra (East Coast): kaolinite, 
fresh crj'stallized metahalloysite (broad baud 2.6-2.3 A.), and some hydrargillite and 
quartz; metahalloysite disturbing the identification of kaolinite; the same clay when 
treated with HCl and NaOH consisting only of kaolinite and some ejuartz 




xllite ,quart?,icaoJ xnite jboehmjite icaoliiixte ,ni*5tahal. ,hydrarg. ,quai tz 
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S(/i>) = S(indexes cubic crystal)* = 2(hl + Aj + A|) 

X® (1787)® 

“ 4^ • “ 4 ' x(6 28)* ■ ^ 

21' — r(l + cos. 2$) = 4Re rad. ± 2b sin. 2$ 
^ 2U - r(l + cos. 2^) _ 2b sin. 26 

li s -- --qp 


46 rad. 


46 rad. 


S - « 31.67326 
6® 

SI = 26 8168; x = - 0.8151 

^ 31.67326 

y 859 9122 

2 ^ = 859.9122; = 27.1496 

S ^ = -0.17564710; S ^ = 0.93648161; S ^ = 0.13766579 

01 ’ 0t 


S 


/?* -0.17554710 


2 


W 0.93548161 
0® 


-0.187654 


b = negative; therefore = situation i) — fig. 2; thus 
R ^ g ^ bJr ^ 27.1495 + 0.187654 X 0.8161 - 27.30246 

V ^ _ s W)* 

...If- 1- --mmoK 


n — 2 


8 


<r& =* db 
ffli = :h <r 


/ j / 0.0130945 ^ 0.11829316 

/ ^ (£2' ^ y 0.93548161 

y " 9* “ 


_1_ „ (rVo.03157237 + 0.71020959 

> ^ 9* 


± 0.11441360 X 0.86126765 = i 0.09864065 


/2 = 27.30 mm. db 0.10 mm.; 6 » —0.19 mm. db 0.12 mm. 

The foregoing calculations have the effect that the weight of an observation (2 V) dimin¬ 
ishes with increasing order of 4 6. This seems reasonablci because the distance between two 
corresponding reflections on a x-ray photo can be more accurately measured at the lower 
distances than at the higher ones, as the path of the measuring microscope is going more 
accurately through the middle of the reflections at the lower distances than at the higher 
ones. As the weights of the observations according to the calculation are taken to be in¬ 
versely proportional to (0)®, however, this means that the weight of the smallest 2 V (at 
0 == 0.28056) is 18,276 times the weight of the largest 2 Z' (at 0 « 1.23362). As this difference 
in weight seems too high, the calculation has been made also under the assumption that all 
observations have the same weight. 
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This method, which has been worked out by the statistical department of the Central 
Organization for Applied Research in the Netherlands T.N.O.—The Hague, runs as fol¬ 
lows ; 

The basic relation is 2 / ' = 4 /? ^ + 2 6 sin 2 ^ whore: first, 2 V is the measured distance 
between two corresponding reflections after collection for the thickness of the capillary; 
second, i? is the (true) ladius of the cameia, and thiid, h is the eccentricity in the direction 
of the rays. The values of R and h are unknow ii A least-scpiarc solution for R and 6 is found 
by minimizing: 

F ^ ^{2 1' - Re - 2b sin 2 BY 
The equations for R and b become: 

1 bF 

R:-^ -- ^46(21' - 4Rd - 2b sin 20) = 0 

2 SR 

1 fiF 

J.-- 22 sin 29(2/' - 4ff9 - 2b sin 29) = 0 

2Sb 

The standard deviations for /? and b avo fouiul from (ho formulas: 

3(2/' - 4i?e - 26 sin 9)-’ 3(sin 29)^ 

M - 2 '' S(29)'3(sin 29)^ - (329 sin 29)^ 

a _ 3(2/' - 4/?9 - 26 sin 9)^ 3(29)^ 

~ « - 2 ^3(29)J3(sin. 29)^ - (329 sin 29)^ 

The values for R and b and their standard deviations calculated by this method are: 

i? « 27.2377 mm. <tR = dbO.OlOO mm. 

h =» —0.0863 mm. a-b == ±0 0784 mm 

Confidence intervals (fiducial limits) for R and b aie to be found by multiplying the stan¬ 
dard deviations by an appropriate value of “Student’s*’ t; for example: 

fiducial Urn. J? — t — 0.05 X crl? = 2.306 X 0.0406 = ±0.0935 mm. 

fiducial lim. b = / - 0 05 X (r6 « 2.306 X 0.0784 = ±0.1807 mm. 
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FIXATION OF NITROGEN IN RICE SOILS BY ALGAE AS 
INFLUENCED BY CROP, COs, AND 
INORGANIC SUBSTANCES 

P. K. DE AND M. SULAIMANi 
Dacca University 

ReoeiTed for publieation Noveniber 3,1949 

The observation*® that a considerable amount of nitrogen is fixed by al ga a 
•when rice soils are waterlogged and exposed to sunli^t has naturally raised 
the question whether similar fixation takes place also in presence of the crop. 
Under normal conditions, algae and rice plants grow together in the soil, and 
growth of the one may influence growth of the other. An association of two 
organisms grooving in a common habitat and obtaining nutrients therefrom 
may have a beneficial effect on the growth of either, if one of them supplies the 
needs of the other. On the other hand, such an association may have a harmful 
effect, if the organisms compete for the supply of available nutrients or if one 
makes conditions otherwise unfavorable for growth of the other. To understand 
the role played by algae in the process of nitrogen recuperation in rice soils, it 
seemed desirable, therefore, to investigate the effect of the rice crop on the 
fixation of nitrogen by algae. 


EXPERIMBNTAL 

Effect of crop on nitrogen fixation 

Soil samples were taken, to a depth of 6 inches, from Faridpur, Bengal (pH 
8.2), and from Sibsagar, Assam (pH 5.4). Fifteen-gram portions were water- 
lo^ed by addition of 100 ml. of distilled water in 250-inl. Erlenmeyer flasks. 
These were then divided into two sets, one of which was left uncropped, and the 
other cropped by placing a rice seedling in each, and holding it in position by 
loosely plugging the mouth of the flask •with cotton wool. From a lot obtained 
from the Government Farm at Dacca, healthy-looking seedlings similar in size 
were selected. Their tops were cut, and several subsamples, each consisting of 20 
seedlings, were then selected at random. One of these subsamples was used for 
transplantation, and two others were oven-dried, weighed, divided into 1-gm. 
portions, and analyzed for total nitrogen. The following results show that the 
samples were fairly uniform: 

Dry veitht of BO seeilings, Total rutrogea per gram dry Aterago nitragon par 

gm. material, mgm. sooting, mgm. 

9.60 7.32 3.5 

8.89 7.04 3.1 

^ The work described in this paper was done before the senior author left Dacca Uni¬ 

versity in September 1947. 

The authors’ thanks are due to D. L. Mukherjee, who carried out some of the prelimi- 
luiry experiments described in this paper, and also to the Indian Council of Agricultural 
Research for the financial assistance. 

* De, P. K. The problem of nitrogen supply of rice: I. Indian Jour. Agr. Sci. 6:1237- 
1245. 1936. 
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It was thought that the very small amounts of nutrients present in 15 gm. of 
soil in this experiment might be inadequate for growth of both the algae and the 
rice plant, and if algal growth failed or was inhibited, it would be dfficult to 
say whether this was due to nutrient deficiency or to some effect of the plant. 
Consequently, a second experiment was performed simultaneously. In this, 
the soil was waterlogged by addition of 100 ml. of the following solution instead 
of water, thus providing additional nutrients for growth of algae: K2HPO4, 0.5 
gm.; MgS04,-71120, 0.2 gm.; CaS 04 , 0.1 gm.; Ca 8 (P 04 ) 2 , 1.0 gm.; FeP 04 , 0.1 
gm.; FeCls (1 per cent), 2 drops; distilled water, 1,000 ml. 

In these fii'st experiments which were run from mid-August to the end of 
December the flasks were exposed to sunlight® in the pot-culture house and 
were protected from rains, dust, and other contamination by a glass cover. 

In Faridpur soil, algae appeared in a week with considerable evolution of 
gases. The growth gradually increased in bulk and eventually covered the 
entire soil surface. In some cases it even floated on top of the surface water. 
No difference in the amount of growth in different cultures was noticeable in the 
initial stages, but the cropped flasks later showed considerably heavier growrth 
than the coiTesponding uncropped ones. The most luxuriant growth took place 
in the cropped flasks treated with nutrient solution. In these cultures the growth 
was so heaA^ that the flasks appeared to contain nothing but a green semisolid 
mass. 

In Sibsagar soil, on the other hand, there w^as no visible algal growth in the 
control soil (soil -f- water) without crop. Even the flasks receiving nutrient 
solution showed no appreciable growth within a month, but thereafter a greenish 
film gradually appeared- As in the Faridpur soil, this ultimately made much 
heavier growth in the cropped flasks. 

None of the rice plants looked healthy. There was no noticeable increase in 
the size of the seedlings, and the number of leaves remained about the same as 
at the start. Nevertheless, the plants remained alive until the end and formed 
an extensive root system in the soil. 

At the conclusion of the expeiiment, several flasks were selected from each 
treatment for the determination of total nitrogen. For this purpose the entire 
contents of the culture vessel, including the rice plant if present, were trans¬ 
ferred to a Kjeldahl flask, any residue adhering to the sides of the vessel being 
washed out with pure concentrated H2SO4. The liquid was boiled until the 
organic matter began to char; 6 gm. of anhydrous K 2 SO 4 and a crystal of CUSO 4 
were then added to the fliask and digestion was carried out in the usual way, 
heatup being continued for 1 hour after the liquid had become colorless. Am¬ 
monia formed was distilled under 0.1 N H2SO4 and estimated by back titration, 
methyl red being used as indicator. The results are given in table 1 . 

The results show that in presence of the crop the fixation of nitrogen was 

2 As the cultures were sometimes overheated by the intense sunlight, the flasks in all 
subsei^ent experimente were placed in a large shallow bath of running water. Under these 
conditions, algae remained heAlthy, fixation of nitrogen was much greater, and agreement 
among the replicate results was closer. 
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considerably increased. This is true for both the control (soil + water) and the 
treated soils (soil + solution). In the treated soils the fixation was greater 
in the corresponding control soils. This shows that algal growth was stimulated 
by the nutrients added. 

In view of these resxilts, the experiments were repeated the following winter 

TABLE 1 


Effect oj crop cm 7iHrogen fixation in rice soils from mid-August to the end of December 


TREATMENT 

NITEOOEN PER CULTURE TLASK 

At Start 

At end 

Fixed 


mgm. 

mgm. 

mgm. 

Faridpur soil 




Soil + water 

7.7 

13.5 

5.8 



13.4 

5.7 



14.5 

6.8 




Av. 6.1 

Soil 4- water + plant 

ll.O 

20.2 

9.2 



21.0 

10.0 



21.6 

10.6 




Av. 9.9 

Soil 4 solution 

7.7 

IS.O 

10.3 



15.4 

7.7 



17.0 

9.3 




Av. 9.1 

Soil 4 solution 4 plant 

11.0 

31.8 

20.8 



33.8 

22.8 

1 


31.1 

20.1 



29.4 

18.4 



i 

Av. 20.7 

Sibsagar soil 




Soil 4 solution 

20.3 

26.8 

6.5 



26.1 

5.8 



27.5 

7.2 




Av. 6.5 

Soil 4 solution 4 plant 

23.6 

36.8 

13.2 



36.6 

13.0 



37.0 

13.4 




Av. 13,2 


on the Faridpur and Sibsagar soils and on a soil from Coimbatore. The results 
(table 2) are in general agreement with the previous ones, althoi^h in the 
winter experiments much less nitrogen was fixed, presumably because of low 
temperature and Sorter exposure to sunlight. The fact that much more nitrogen 
is fixed in presence of the crop is definitely indicated by both sets of experiments. 
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It is interesting that nitrogen was jSxcd in Sibsagar soil only in presence of the 
crop or of nutrient solution. Previous experiments with soils having pH values 
below 6 showed little or no fixation of nitrogen, from which it was concluded 

TABLE 2 

Efect of crop on nitrogen fixation in rice soils during January and February 


NITROGEN PER CULTURE TL^SK 


Faridpur soil 
Soil + water 


1.2 

2.3 

2.7 

2.8 

Av. 2.3 


Soil 4* water + plant 


5.0 
3.6 
4.2 
Av. 4.3 


Soil + solution 


4.1 
3.9 
6.5 
Av. 4.5 


Soil + solution -h plant 


9.9 
10.8 
11.3 
Av. 10.6 


Coimbatore soil 
Soil + water 


Soil + water + plant 


4.0 

2.3 
2.6 
2.7 

Av. 2.9 

6.6 

5.9 

6.4 
Av. 6.0 


Soil + solution 


Soil -f solution + plant 


1.5 
3.0 

2.6 

Av. 2.4 

8.6 
19.5* 
11.7 
Av. 13.3 
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TABLE 2 —Continued 


TSE^TMTM 

NITROGEN PER CULTURE TLKBK 

At start 

At end 

Fixed 


mgm 

mim. 

mgm 

Sibsagar soil 




Soil -h water 

20.3 

No algal 

growth 

Soil + water + plant 

22.3 

23.6 

1.3 



25.6 

3.2 



24.8 

2.5 




Av. 2.3 

Soil + solution 

20.3 

21.8 

1.5 



21.3 

1.0 



22 4 

2.1 




Av. 1.5 

Soil + solution 4- plant 

22.3 

31.8 

9.5 



32.2 

9.9 



31.5 

9.2 




Av. 9.5 


Growth was abnormally heavy in comparison with that in parallel flasks. 


that the algae responsible for fixation were unable to gi’ow under conditions of 
such acidity. This conclusion received further support from the fact that nitrogen 
fixation took place in those soils when they were treated with CaCOs. The 
observation with Sibsagar soil now shows that even in acid soils fixation takes 
place if a crop is present. This was confirmed by examining a few more soils of 
pH below 6, 

Effect of condition of crop growth on nitrogen fixation 

An experiment was next performed to determine whether difference in growth 
of the rice plants had any effect on the fixation of nitrogen. Fifteen-gram portions 
of the Faridpur and Coimbatore soils were waterlogged as before by addition 
of either water or nutrient solution. The cultures were then divided into three 
sets, each planted with seedlings of different age and consequently of different 
size. The transplanted seedlings failed to make healthy growth in any of the 
cultures, which was not unexpected in view of the small amount of soil. Never¬ 
theless, there were appreciable differences in growth of the seedlings of different 
ages: the older seedl^gs remained healthier throughout than the younger ones. 
The results, given in table 3, show that the fixation of nitrogen increased with 
the age of the seedlings. It thus appears that the vigor of the plant growth has 
some influence on fixation of nitrogen in rice soils by algae: the healthier the 
growth, the greater is the fixation. 

Nature of effect of crop on nitrogen futation 

The increased fixation of nitrogen in presence of the crop may be due to: 
(a) Decomposition of the dead roots, which by serving as energy materials 
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stimulated gi’OA\i:h and activity of the nitrogen-fixing organisms. (6) Absorption 
by the plant of toxic metabolic products of the algae, thus making conditions 
continually favorable for growth of the latter. There is also the possibility that 
the plants have secreted some growth-promoting substances having a beneficial 
effect on growth of the algae, (c) The greater supply of CO 2 in the cropped soil 
as a result of the respiration of the plant, making conditions more favorable for 
photosynthesis by the algae- In this connection it is noteworthy that Allison 
and Morris^ observed much greater fixation of nitrogen by a pure culture of an 
Andbaena when air containing 1 per cent CO 2 was bubbled through the solu¬ 
tion. 

These hypotheses were tested by the following experiments. 

Effect of decomposition of rice roots. Fifteen-gram portions of the Faridpur soil 
and of a soil from Sabour were waterlogged as in the previous experiments and 
were treated with 1 gm. of rice roots. The roots, taken from some seedlings 
about 2 months old, were thoroughly washed to remove adhering soil particles, 
then cut off with scissors and chopped into small pieces. Since oven-drying 
might bring about changes in composition of the material, which might affect 
its decomposability, the chopped roots were dried between blotting papers, and 
the materials thus obtained were quickly weighed and introduced into different 
cultures. The cultures were then exposed to sunlight for about 3 months. The 
algal growth that appeared was pale yellow and looked very unhealthy; the 
ultimate growth was much less than in the cropped cultures. Table 4 gives the 
results of nitrogen determinations. 

Since this experiment was performed simultaneously with one on the effect 
of CO 2 on nitrogen fixation (table 6), it is permissible to use some of the data 
of the latter experiment for interpretation of the present results. Figures in 
columns 2 and 4 in table 4 were accordingly taken from table 6. 

The addition of rice roots undoubtedly brought about an increase in the 
fixation of nitrogen, but this was far less than that brought about in presence of 
the crop. It appears, therefore, that the effect of the crop is not due, to any 
large degree, to decomposition of the roots. Furthermore, as the weight of root 
added to each culture is obvioudy far greater than can be contributed by an 
unhealthly plant, such as one obtained in this experiment, the importance of 
root decomposition in this process becomes almost insignificant. 

Absorption of metabolic products. The validity of this hypothesis was tested 
by an indirect method, namely, by observing the effect of addition of the growth- 
promoting substances and of removal of the toxic products on the fixation of 
nitrogen in an uncropped soil. It was thought that under these conditions an 
uncropped soil, having the supposed advantages of growing plants, would 
behave like a cropped soil and consequently woidd show considerable increase 
in fixation of nitrogen. The experiment conmsted in setting up two cultures— 
one cropped and the other uncropped—^Ln such a way that the supernatant 
Kquid of the one could easily be transferred to the other and then returned to 

* AUison, F. E., and Morris, H, J. Nitrogen fixation by blue-green algae. Proc. end In- 
tematl. Cong. Soil Sci. Comn. 3: 24r-28.1932. 



NITROGEN FIXATION IN RICE SOILS 


143 


TABLE 3 


Effect of condition of crop growth on fixation of nitrogen 


AGE OP 
SEEDLING 

teeaticbnt 

nitrogen pee cdltubs plase 

At start* 

At end 

Fixed 



mgm. 

mgtn. 

mgm. 

Faridpur soil 

2 

Soil + water 

8.2 

14.7 

6.6 



8.2 

16.0 

6.8 



8.2 

16.1 

6.9 





Av. 6.7 


Soil + solution 

8.2 

17.8 

9.6 



8.2 

17.5 

9.3 



8.2 

18.1 

9.9 





Av. 9.6 

4 

Soil + water 

8.8 

16.0 

7.2 



8.8 

16.4 

7.4 



8.8 

16.8 

7.0 



8.8 

16.2 

7.4 





Av. 7.3 


Soil + solution 

8.8 

19.6 

10.7 



8.8 

19.0 

10.2 



8.8 

20.8 

11.6 



8.8 

20.6 

11.8 

i 




Av. 11.1 

6 

Soil + water 

9.4 

17.8 

8.4 



9.4 

18.1 

8.7 



9.4 

19,6 

10.1 



9.4 

17.8 

8.4 





Av. 8.9 


Soil + solution 

9.4 

22.6 

13.2 



0.4 

23.5 

14.1 



9.4 

24.4 

16.0 



9.4 

22.0 

12.6 





Av. 13.7 

Coimbatore soil 

2 

Soil + water 

12.2 

21.2 

9.0 



12.2 

20.6 

8.4 


• 

12.2 

20.3 

8.1 





Av. 8.6 


Soil + solution 

12.2 

24.8 

12.6 



12.2 

23.1 

10.9 



12.2 

24.1 

11.9 





Av. 11.8 
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AGE 07 


SEEDUNQ 

weeks 


TSEATSCENT 


TABLE 3 —Continued 

KITKOOEK TEE CULTUEE 7LASE 

At end 
mgtn. 

Coimbatore soil —Continued 


At start* 
Mgm. 


Fixed 

mgm. 


4 Soil -f water 

12.8 

1 22.6 

9.8 


12.8 

22.3 

9.6 


12.8 

1 23.4 

10.6 


12.8 

23.4 

10.6 



1 

Av. 10.1 

Soil 4- solution 

12.8 

26.8 

1 14.0 


12.8 

25.9 

13.1 


12.8 

26.5 

13.7 


12.8 

26.2 

13.4 




Av. 13.6 

6 Soil 4- water 

13.4 

25.5 

12.1 


13.4 

25.4 

12.0 


13.4 

I 24.8 

11.4 


13.4 

25.9 

12.5 




Av. 12.0 

Soil 4- solution 

13.4 

30.4 

17.0 


13.4 

28.7 1 

15.3 


13.4 

31.1 

17.7 


13,4 

30.4 

17.0 




Av. 16.8 


* In 16 gm. Faridpur soil, 7.4 mgm. +N in one seedling; in 15 gm. Coimbatore soil, 
11.4 mgm. +N in one seedling. 


the ori^bial, the idea being that by this process the soluble products fonned in 
each would be distributed between the two. Thus, any growth-promoting sub¬ 
stances formed in the cropped cultures would pass on to the uncropped cultures 
and any toxic products formed in the latter would pass on to the former to be 
absorbed there by the plants. In either case the conditions would become favor¬ 
able for the fixation of nitrogen in the uncropped culture. The experiment was 
carried out on the Faridpur and Coimbatore soils as follows: 

The experimental unit was a 250-ml. pyrex Erlenmeyer flask to which was 
fused, about 1 inch from the bottom, a horizontal side tube about 7 mm. in 
diameter. Two such flasks were joined in a series by connecting the side tubes 
TOth rubber tubing. The connecting tube was closed with a screw clamp, and a 
15^. portion of soil was placed in each flask. The soil in both flaska was then 
waterlogged by addition of 200 ml. of distilled water or of solution. The whole 
set 'Of flasks was then placed in a bath of running water and exposed to sun. 
After the soil had settled and the supernatant water had become clear, one of 
the flafhs in each series was planted with a rice seedling. The screw clamp was 
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then opened to allow contact between the liquids in the two flasks. At frequent 
intervals, the flasks in each series were slowly raised, one after the other, to 
mix the supernatant liquids. The experiment was continued for 2^ months, 
after which the total nitrogen content of each fl aisk was determined. For com¬ 
parison, control cultures with soil plus water or solution, without crop and not 

TABLE 4 


Effect of decomposition of rice roots on fixation of nitrogen 


TREATMENT 

NIIK06EN nXED PSK CUlTtTXE FLASK 

Uncropped 

Uncropped 4 roots 

Cropped 


f»fm. 

tngm. 

mgm. 

Faridpur soil 




Soil + water 

2.7 

5.8 

8.3 


1.9 

4.1 

9.0 


1.4 

6.1 

11.1 


1.0 

4.4 

9.7 

Av. 

1.8 

5.1 

9.5 

Soil 4- solution 

4.3 

8.0 

38.4 


3.8 

8.9 

38.6 


4.5 

7.2 

35.5 


3.6 

7.5 

40.1 

Av. 

4.1 

7.9 

38.2 

Sabour soil 



mmiiiimi 

Soil 4* water 

3.4 

6.9 



3.2 

6.8 



2,9 

6.3 



2.7 

6.5 


Av. 

3.1 

6.6 

13.4 

Soil 4“ solution 

4.5 


29.3 


5.6 


28.2 


5.0 


25.7 


5.2 


27.2 

Av. 

5.1 

9.6 

27.6 


arranged in series, were maintained simultaneously. The results are given in 
table 5. 

The fixation of nitrogen in the imcropped flasks in series with the cropped 
ones was only slightly greater than that in the control (not in series) and con¬ 
siderably less than that in the cropped flasks. This shows that the growing 
rice plant had no beneficial effect on the fixation of nitrogen in the uncropped 
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TABLE 5 

Influence of transfer of supernatant liquid from a cropped to an uncropped soil and vice versa 

on fixation of nitrogen by algae 


TSEAIUEira 

OTIKOOEN PEH CUITUKE FLASK 

At start 

At end 

Fixed 


mgm* 

mgm. 


Faridpur soil 




Soil H- water 

7.4 

10.5 

3.1 



11.0 

3.6 



10.8 

3.4 




Av. 3.4 

In series 




Soil -f water 

7.4 

12.0 

4.6 



11.2 

3.8 



11.5 

4.1 




Av. 4.2 

Soil + water + plant 

12.2 

22.2 

10.0 



22.7 

10.5 



22.8 

10.6 




Av. 10.4 

Soil + solution 

7.4 

11.7 

4.3 



12.0 

4,6 



11.7 

4.3 




Av. 4.4 

In series 




Soil + solution 

7.4 

12.6 

5.2 



12.3 

4.9 



13,7 

6.3 




Av, 5.5 

Soil + solution + plant 

12.2 

36.2 

24.0 



33.8 

21.0 



35.6 

23.4 




Av. 23.0 

Coimbatore soil 




Soil + water 

11.4 

16.1 

4.7 



14.4 

3.0 



15.1 

3.7 




Av. 3.8 

In series 




Soil + water 

11.4 

16.5 

5.1 



17.2 

5.8 




Av. 5.5 
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TABLE 5-~C(mtinued 


XSEAIHSOT 

NITSOGBN 7E& CULTUXS TLASE 

At start 

At end 

Fixed 


mgm. 

mitn. 

mgm. 

Soil + water -f plant 

16.2 

31.6 

! 15.4 



34.8 

I 18.6 




Av. 17.0 

Soil H- solution 

11.4 

15.2 

3.8 



16.1 

4.7 



15.8 

4.4 




Av. 4.3 

In series 




Soil -h solution 

11.4 

17.9 

6.5 



18.9 

7.5 




Av. 7.0 

Soil 4" solution -|- plant 

16.2 

40.7 

24.5 



43.9 

27.7 




Av. 26.1 


flafiks in series, although the supernatant liquids of the cultures were in contact. 
The results thus lend no support to the present hypothesis. 

Effed of CO 2 supply. The following experiment was performed on the Faridpur 
and Sabour soils to study the effect of CO* supply on the fixation of nitrogen by 
algae: 

A set of nine Erlenmeyer flasks, each containing 15 gm. of soil and 100 ml. of 
distilled water or solution and closed with a rubber stopper carrying two glass 
tubes bent at right an^es, were coimected in series by means of rubber tubing. 
Four of the flasks contained soil plus water, four soil plus solution, and the 
remaining one only distilled water. In each set a flask with soil plus water was 
alternated with one with soil plus solution, the middle position being occupied 
by the flask containing distilled water. For each soil two such sets were made: 
one was aerated with air, and the other with air containing 2 per cent COj, 
the gases being passed over the water surface. The different sets were placed 
in a shallow water bath and exposed to sun. One of the two end tubes of each 
set was then connected to an a^irator bottle containing the gas mixture, the 
other tube serving as an outlet. Except for 2 weeks after the start when no gas 
mixture was passed, the flasks were aerated twice daily, in early morning and 
at noon, with 4 liters of gas mixture each lame. The two sets for each soil were 
aerated simultaneously, the rate of flow of gas being equal in both cases. For 
comparison, cropped cultures were also set up simultaneously (not aerated). 
The fliasks containing water were periodically taken out for determination of 
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pH; it was found that in the CO 2 series the pH of the water never fell below 
5.8. Total nitrogen was determined after 3 months, and the results obtained 
(table 6) were compared with the fixation observed in presence of the crop. 

In every instance more nitrogen was jfixed in the cultures aerated with CO 2 
than in the corresponding ones with air. This shows that algal growth is stimu- 


TABLE 6 

Effect of CO 2 su'pply on the fixation of nitrogen in rice soils 



KITROGSN FZXZD PEH CULTURE 7IASE 

TS£AT1CENT 

Uncropped 

i 

Aerated with air 

Aerated with COs 

Cropped 


mgm. 

mgm. 

mgm. 

Faridpursoil 


i 


Soil + water 

2.7 

4.8 

8.3 


1.9 

4.9 

9.0 


1.4 

5.7 

11.1 


1.0 

4.1 

9.7 

Av. 

00 

1 — < 

4.9 

9.5 

Soil + solution 

4.3 

32.1 

38.4 


3.8 

35.7 

38.6 


4.5 

31.1 

35.5 


3.6 

31.4 

40.1 

Av. 

4.1 

32.6 

38.2 

Sabour soil 




Soil + water 

3.4 

6.2 

1 11.4 


3.2 

8.3 

14.9 


2.9 

5.5 

14.2 


2.7 

6.4 

13.1 

Av. 

3.1 

6.6 

13.4 

Soil -f solution 

4.5 

30.0 

29.3 


5.6 

29.8 

28.2 


5.0 

31,8 

26.7 


5.2 

— 

27.2 

Av. 

5.1 

30.4 

27.6 


lated by increasing the supply of CO 2 in the surrounding air. In the soil-solution 
mixture aerated with CO 2 , nitrogen fixation was considerable, being nearly as 
much as in the corresponding cropped cultures. This suggests that the plant 
supplies CO 2 to algae. But when the results obtained with soil-water mixture 
are compared with those of the corresponding cropped cultures, it is found that 
more nitrogen was fixed in presence of the crop. In this case, therefore, CO 2 
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aippcsTS to be less effective tbsu the pl&ut in stimulating algsl growth. This 
difference in the behavior of soil-solution and soil-water mixtures, with regard 
to the effect of CO*, is probably explained by assuming that plants benefit algnl 
growth in two ways: first, by supplying CO 2 , and second, by dissolving certain 
mineral constituents of soil and rendering them available to algae. When nutri¬ 
ents are present in sufficient amounts, as in the soil-solution mixtures, this second 
^ect of the plant is not evident, since the algae already have ATtm i g ti mineral 
nutrients to satisfy their needs. In this case, the beneficial effect of the plant 
lies almost entirely in supplying COj to the algae. This is why nitrogen fixation 
is almost the same in soil-solution mixtures aerated with CO 2 as in the cor¬ 
responding cropped culture. In the soil-water mixture, on the other bn-Tn^ the 
algal growths in presence of the crop have the double advantage of obtaining 
both CO 2 and a part of the minerals made available, whereas those in absence 
of the plant obtain CO 2 but no minerals. This probably fixpIn-iTia why in this 
case there is more fixation of nitrogen in presence of the crop. 

At anl^rate, the results clearly show that nitrogen fixation in the uncropped 
soil is stimulated by increasing the supply of CO 2 in the soil atmosphere. PVom 
these observations it is reasonable to conclude that the stimulating effect of the 
plant is largely due to the increased supply of CO 2 . 

Effect of inorgantc substances on nitrogen fixation 

In a previous experiment (tables 1 and 2) it was observed that growth and 
fixa tion of nitrogen by algae were considerably stimulated by addition of a 
nonnitrogenous inorganic mixture. Whether this was due to the combined effect 
of all the constituents of the mixture or to one or two particular constituents, 
however, was not ascertained. To investigate this point, an experiment was 
carried out in which the Sibsagar, Faridpur, and Sabour soils and a soil from 
Earirngunj were treated with different inorganic substances, added singily or 
in combination, and the effect of such treatments on the fixation of nitrogen 
was determined. The experimental procedure was the same as that previously 
described. 

The results (table 7) show that nitrogen fixation was considerably stimulated 
by addition of calcimn phosphate although not to the same degree as by com¬ 
plete solution. Potassium sulfate, on the other hand, showed a depressing effect 
when added alone, but when it was used in combination with calcimn pho^hate 
this effect was not noticeable. 

Very similar results were also obtained in a second experiment in which 
pho^hate, calcium phosphate, and magnesium sulfate were used in different 
combinations. Magnesium sulfate, like potassium sulfate, showed a depressing 
effect when added alone, but not when used in combination with mther potas¬ 
sium or calcium phosphate. Like calcium phosphate, potastium phosphate 
stimulated nitrogen fixation, but here again the fixation was less than in tire 
complete solution. A combination of two phogrhates (Ca -t- K) was tried, but 
the fixation was not greater than with either added alone. 

The results, on the whole, show that fixation of nitrogen by algae is stimulated 
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by phosphates whether added in soluble form as potassium phosphate or in 
insoluble form as calcium phosphate. It appears, therefore, that the stimulating 
effect of the complete solution is due mainly, thou^ not entirely, to phosphates. 
Although the fixation is less with phosphate alone than with complete solution, 

TABLE 7 

Effect of addition of some nonnitrogenous inorganic substances on fixation of nitrogen by algae 


NITKOOEN FES CUITUEE ELA.SE 


TREATMENT* 

At startf 

At endt 

Fixed 

Increase, as 
per cent of 
total in soil 


mgm. 

mgm. 

mgm. 


Sibsagar soil 





1. Soil 4- water + plant 

25.0 

34.8 

9.8 

50.8 

2. Treatment 1 4- Ca 

25.0 

39.2 

14.2 

73.6 

3. Treatment 1 4- K 

26.0 

31.9 

6.9 

35.8 

4. Treatment 1 4- Ca 4- K 

25.0 

40.4 

15.4 

79.8 

6. Soil 4- solution 4- plant 

25.0 

45.7 

20.7 

107.3 

Faridpur soil 





1. Soil 4- water 4- plant 

14.4 

25.1 

10.7 

123.0 

2. Treatment 1 4- Ca 

14.4 

30.7 

16.3 

187.4 

3. Treatment 1 4- K 

14,4 

22.3 

7.9 

90.8 

4, Treatment 1 4- Ca 4- K 

14.4 

31.1 

16.7 

193.2 

5. Soil 4* solution 4- plant 

14.4 

44.7, 

30.3 

348.2 

Karimgunj soil 




1. Soil 4“ water 4 - plant 

19.3 

29,4 

10.1 

74.3 

2. Treatment 1 4- Ca 

19.3 

36.6 

17.3 

127.2 

3. Treatment 1 4- K 

19.3 

27.6 

8.2 

60.3 

4. Treatment 1 4- Ca 4- K 

19.3 

38.3 

19.0 

139.7 

6. Soil 4* solution 4- plant 

19.3 

43.8 

24.5 

180.2 

Sabour soil 





1. Soil 4- water 4- plant 

^ 24.3 

38.4 

14.1 

86.6 

2. Treatment 1 4- Ca 

24.3 

41,8 

17.5 

109.8 

3. Treatment 1 4- K 

1 24.3 

32.6 

8.3 

50.9 

4. Treatment 1 4- Ca 4- K 

24.3 

42.4 

18.1 

111.0 

6. Soil 4- solution 4- plant 

24.3 

44.8 

20.5 

126.8 


* Ca « 0.1 gm. Caj(P 04)2 per jlask; K 0.05 gm. K 28 O 4 per flask, 
t In 15 gm. Sibsagar soil 19.3 mgm. + 6.7 mgm. in one seedling; in 15 gm. Faridpur soil 
8.7 mgm. + 6,7 mgm. in one seedling; in 16 gm. Karimgunj soil 13.6 mgm, 4 * 5.7 mgm. in one 
seedling; in 15 gm. Sabour soil 16.3 mgm. + 8 mgm. in one seedling, 
t Figures are averages of four replicates, 

the former is advantageous from a practical point of view in that only one 
substance is used instead of a mixture of several. The observation that calcium 
phosphate stimulates nitrogen fixation by algae has a practical bearing and 
suggests that application of bone meal or superphosphate to rice soil would 
enrich the soil not only with phosphorus but also with nitrogen. 
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SUMMARY 

Both growth and fixation of nitrogen by algae in rice soils are considerably 
increased in presence of the crop. This increase is much greater if the soil is 
treated with a nonnitrogenous inorganic mixture. 

Even soils having pH values of less than 6, in which no nitrogen is fixed in 
the imcropped condition, show appreciable fixation when the crop is present. 
The fixation in presence of the crop appears to depend on the condition of the 
plants: the healthier the growth, the greater is the fixation. 

Decomposition of rice roots in soils results in some fixation of nitrogen, but 
the amount thus fixed is small in comparison with the fixation in presence of the 
crop. This shows that the stimulating effect of the crop is not due to root de¬ 
composition. 

There is no evidence either of secretion by the plant of growth-promoting 
substances capable of stimulating algal growth, or of absorption by the plant of 
toxic metabohc products of algae. 

Fixation of nitrogen by algae in absence of the crop is considerably stimulated 
by passing air containing 2 per cent CO 2 over the surface water. It is concluded 
that the stimulating effect of the crop is largely due to increased supply of 
CO 2 evolved as a result of respiration and root decomposition. 

Addition of phosphates to rice soil, whether in soluble form as potassium 
phosphate or in insoluble form as calcium phosphate, stimulates the fixation of 
nitrogen by algae. On the other hand, potassium or magnesium sulfate, when 
applied singly, has a depressing effect, but this effect is not noticeable when the 
two are used in combination with phosphates. 




COMPAEATIVE FLUORINE UPTAKE BY PLANTS IN LIMED AND 

UNLIMED SOIL 

ANNIE M. HUED-KARRERi 
U, S. Department of Agriculture 
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The investigations reported herein were undertaken to determine the ex¬ 
tent to which fluorine can be absorbed from soils by plant roots, and the extent 
to which the absorption can be controlled by liming. Sassafras loamy sand, 
having a pH value near 5.0 and containing 12 ppm. of naturally occurring fluor¬ 
ine, was transported from near Springtown Comers, N. J., to a greenhouse of the 
Division of Cereal Crops and Diseases at Beltsville, Md., where the experiments 
were carried out. 


METHODS 

Crop 1 

The soil was placed in a greenhouse bench that was divided by wooden parti¬ 
tions into compartments, into each of which was weighed enough soil to give 200 
pounds, oven-dry basis. Half of the plots were limed to near pH 7.5 by incorpora¬ 
tion of 90 gm. of slaked lime, corresponding roughly to a ton per acre, and thor¬ 
oughly mixed. The soil was kept damp for a week, during which it was remixed 
several times before the other materials were added. 

The soil was suspected of being deficient in nutrients, but because calcium 
could not be added without precipitating fluorine, a calcium-containing fertilizer 
could not be added. Twenty-five grams of ammonium nitrate solution was 
mixed into the soil of each plot 6 days after it was limed. Later, 6.4 gm. of potas¬ 
sium phosphate and 5 gm. of potassium sulfate were added to each plot, in 
solutions that were poured into trenches between the rows of plants. 

A week after the nitrate additions, sodium fluoride in solution and hydro¬ 
fluoric acid, greatly diluted, were mixed thoroughly into some of the plots, 
limed and unlimed, in such quantity as to supply 15 ppm. of fluorine, based on the 
oven-dry weight of the soil. Collard seeds were sown 2 days later, April 12, 
1946. 

From a preliminary experiment with pot cultures it was determined that as 
little as 50 ppm. of fluorine as NaF was toxic to coUards in this soil. To attain a 
barely toxic concentration in the plots, it was planned to build up the fluorine 
gradually to this concentration, from the initial application before sowing, by 
frequent additions of solutions that contained the desired aliquots of HF and 

1 Fluorine analyses were made by Hy Almond and Ewel Dodson under the supervision 
of W. O. Robinson, senior chemist of the Division of Soils, Fertilizers, and Irrigation. The 
writer is also indebted to S. W. Griffin, chemist, Division of Cereal Crops and Diseases, for 
helpful suggestions, and for the standardized hydrofluoric acid solutions used in the inves¬ 
tigation. 
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NaF. The rows of plants were 6 inches apart, and the solutions were poured into 
shallow trenches between the rows. Great care was exercised to prevent dropping 
or spattering the solutions on the leaves. 

The first application was made when the plants were 6 days old. Twenty- 
two such applications, each supplying 1 ppm. of fluorine, were made during 
the first 5 weeks. Concentration of the stock solution then was increased, so 
that the aliquots supplied 2 ppm. of fluorine, and then 3 ppm., to hasten the full 
addition of 50 ppm., which was attained June 3, approximately 6 weeks after the 
first application. 

Calcium fluoride also was added to a limed and an unlimed plot for comparison 
with the more soluble fluorides. Because of its relative insolubility, the entire 
amount of CaFg required for an addition of 50 ppm. of fluorine (9.32 gm. in 200 
pounds of dry soil) was mixed into the soil 2 days before the seed was planted. 

The plants were cut on June 7, at the age of 2 months, dried in an unheated 
o\'en with forced ventilation, and ground for analysis. 

It should be noted that the method of supplying fluorides to the plants, as 
solutions poured between the rows, does not establish the exact concentration in 
contact with the roots at any given time. The applications, however, were always 
followed by watering, which, in view of the very sandy type of soil, is believed 
to have kept the fluorides distributed fairly evenly. To preclude leaching, the 
water added was limited by measurement. 

Crop 2 

The soil lots were turned and mixed thorou^y, and a second crop of collards 
was sown 4 days after the first was cut. No more fluorine was added to the plots 
that had received CaFg but to the others, the additions of HF and NaF were 
resumed, when the plants had reached a hei^t of several inches, at a rate of 2 
ppm. of fluorine per application. On July 1, a mineral salt solution was poured 
into the trendies between the rows, in such quantity as to supply 5 gm. each of 
potassium sulfate, potassium phosphate, and ammonium nitrate. 

Marked stunting of the plants in two of the fluorine-treated plots made it 
seem advisable to stop the fluorine applications after 2 weeks, when the plots 
had received a total of 78 ppm. of fluorine. The plants were cut on July 25, at 
the age of 6 weeks, dried in a ventilated oven that was maintained at a constant 
temperature of 90®F., and ground for analysas. 

Crop S 

Again the soil in each compartment was turned and thorou^y mixed, and 
budkwheat was sown on July 26. Applications of the hydrt^en and so^um 
fluorides were resumed after ^e plants had readied a hei^t of several inches, 
and were continued at a rate of 2 ppm. of fluorine daily imtil August 16, when 
the soil had received a total addition of 102 ppm. The applications were then 
discontinued because of injury to some of the plants. On Ai^ust 30, the plants 
were cut and dried in the ventilated oven at OO^F., and groimd for anal 3 ^. 

Throu^out the experiment, water was poured between the rows of plants in 
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the check plots in the same \'olumes and at the same times as the fluoride solu¬ 
tions that wi'c applied to the fluorinated plots. 

RESULTS 

Analyses of fluorine in the plants from the various plots are given in table 1. 
The data show that plants in the unlimeil plots always took up more fluorine 
than did those in the corresponding limed plots. 

The greatest fluorine uptake occurred from that supplied as HF, and the 
least from that supplied as C’aFo. The lesser uptake of the fluorine of NaF as 


TABLE 1 

Fluorine conlentx and ai'eraiji dri/ weiyhls of plants grown on limed and unlimed greenhouse 

plota treated with Jluorides^ 




ILOURlNf CONTENT or 
PLANrS (DRY IISSUIS) 

A\ EH AOr DR\ WniOHl S 
or PLVNIS 

pH V\LrDS OF SOIL 

pLor 

NO. 

SOIL IRI \1MI Nr 

ClOp 1- 
Collauls 
(SO 

npm F 
Added 
to soil) 

Cioj) 2- 
ColKirds 
(78 

lM>ni. F 
added 
to soil) 

Cl op 3- 
Buck- 
wheat 
(102 
ppm. F 
added 
to boil) 

Croj) 1- 
Collaids 
(50 

ppm F 
added 
to soil) 

Cl op 2- 
Collards 
(78 

ppm F 
added 
to boil) 

Crop 3- 
Buck- 
wheat 
(102 
ppm. F 
added 
to boil) 

Befoie 

Crop¬ 

ping 

After 
Crop 1 

After 
Crop 2 

After 
Crop 3 



ppm 

ppm. 

ppm. 

?»/. 

gm. 

gm. 





1 

IIF 

<1(5. Of 

202t 

mioot 

.25t 

.lot 

.lot 

4.9 

5.0 

5.0 

4.5 

la 

IIF plus lime 

13.0 

30.7 

900 

.76 

.GO 

.47 

7.5 

6.4 

6.6 

6.2 

2 

NaF 

(iS.O 

lilt 

2450t 

.46 

.26t 

.27t 

5.0 

5.8 

5.7 

5.2 

2a 

NaF plus lime 

45.0 

IS.2 

S7 

.<S0 

.60 

.42 

7.4 

6.7 

6.7 

7.0 

A 

CiaF, 

37.0 

20 6§ 

— 

.51 

.45§ 


5.0 

5.2 

4.8 

— 

4a 

(hiFj ])lus lime 

5 0 

ri.2§ 

— 

.86 

.74§ 

— 

7.6 

6.7 

6.8 

— 

3 

CJhcck, uulimod 

3.7 

4.0 

59 

.45 

.45 

.36 

4.S 

4.8 

4.7 

4.5 

3a 

Check plus lime 

3.2 

3.0 

10 

.87 

.73 

.44 

7.5 

6.6 

6.6 

6.9 


‘ The Hoil contained 12 ppm. of naturally occurring iluorine. 

t Plants severely Blunted, l)ut leaves not injured. 

J Plants severely stunte<l and leaves injured. 

§ Fij>ures are not comparable with others in the column because the soil w'as given only 
the initial application of 50 [)pm. of fluorine. 

eomparod with lluit of the ac*i(l muy ho duo to llio fact that NaF decreased the 
soil acidity soim^wliat. (tal)lo 1). ScIuutoi* and Schropp- roported that fluorine 
waH moro toxic in acid soil than in mnitral{soil. 

In tho uulimod plots, tho ciuantitics of fluorine taken up by the second collard 
crop from tho soluble' fluoridc's, IlF and NaF, were greater than those found in the 
first harvest, as would bo expected from the continuing applications of the 
fluoride during growth of this second crop. But plants from the con-esponding 
limed plots contained le^ss fluorine than had those of the first croppings. A pos¬ 
sible explanation is that calcium from the added lime had become progi'essively 
more available, with consocpient continuing precipitation of the fluorine as the 
relatively unavailal)lo ('’aFo. 

® Scharrer, K., and Hehropp, W. Die Wirkung dos Fluor-Iona auf Keimung und Jugend- 
W'achslum cinigor Kulturplluiizon. Landw. Vers. Sla. 114: 203-214,1932. 
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Of inteiest -were the high fluorine contents of the buckwheat plants of the 
thinl crop, a^ well ah the veiy great decrease in their fluorine uptake brought 
about by liming the .soil. 

Under natural conditions plants have not been found to contain much fluorine, 
even when grown on soils rather rich in it. None of the plants analyzed by Robin¬ 
son- or other investigators to whom he refers had fluorine contents as high as 
did the buclavheat of table 1. The latter took up 59 ppm., more than any plant 
in Robinson's table, on the untreated check plot where the soil contained only 
12 ppm. of naturally occuiTing fluorine. 

The average diy weights of the plants (table 1) show their \igor of growth 
in relation to their fluorine contents. Plants of the first crop of coUards that 
received a total of 50 ppm. of fluorine were injured only where hydrofluoric 



Fig. 1. CoLL^RDS op First Crop Growing in Soil Plots in Greenhouse Bench 

Plants nearest camera (plot 1) were stunted by 50 ppm. of fluorine added as hydrofluoric 
acid to unlimed loamv sand The adjacent much larger plants of the left (plot 1 a) were in 
limed soil given the same ejuantity of fluorine. 

acid was added to unlimed soil. Consistently, these plants had the highest 
fluorine content. They were stunted but had no distinctive leaf symptoms (fig. 
1). In the corresponding limed plot the plants were virtually uninjured, illustrat¬ 
ing the fact shown by the work of Macinlire et al^ that calcium, by precipitating 
fluorine as the relatively insoluble CaFa, so reduces availability of the fluorine 
to plants as to eliminate toxicity. 

At the time of harvesting the second crop of collards, the plants of both un¬ 
limed plots receiving soluble fluorides, HF and NaF, were severely stunted, in 
accordance with their relatively high fluorine contents of 262 and 111 ppm., 
respectively. In the corresponding limed plots where the analyses show that 
fluoiine uptake was low, the dry weights of the plants show no significant reduc¬ 
tion below those of plants from the check plots. 

Buckwheat plants of the third crop were also much stunted on the unlimed 
plots that had received HF and XaF. Leaf injury, consisting of marginal wither¬ 
ing and chlorosis followed by necrosis and usually some spotting, was extreme 

* Robinson, W. O., and Edgington, G. Fluorine in soils. Soil Sci. 61; 341-353, 1946. 

Mac Intire, W. H., et al. Fluorine content of plants fertilized ^dth phosphates and 
slags carrying fluorides. Indus, and Engin. Chem. 34: 1469-1479, 1942. 
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on all plants in the unlimed plots that had received HF and was occasional in 
the plots that had received NaF (fig. 2). Neither fluoride injured the plants of 
the adjacent limed plots. 

The single application of CaF^ that was stirred into the soil before the seeding 
of the first crop Avas not injurious to any crop on either the limed or the unlimed 
plot. 



Fig. 2. Lwvvks ok Bik’kwiikvt Plants Injured by Fluorides Added to an Unlimbd 

Louiy Sand 

Af Yellowish (liHColoraiiori aiul marginal necrosis of leaves from plants giown in soil 
treated with 102 ppm. F lus IIF. Nonnal plant from untreated soil to the left; Early stage 
of marginal injury from a similar application of NaF; C, Later stage, showing neerosis of 
affected leaf margins. 

That buckwheat is more tolerant of fluorine in its tissues than is the collard 
plant is evidenced in table 1. The coUards were stunted wherever subsequent 
analysis showed them to contain 96 or more ppm. of fluorine. In contrast, buck¬ 
wheat in the limed HF plot took up 900 ppm. without apparent injury. The 
data indicate that buckwheat absorbs fluorine more readily than do coUards, 
and, from the evidence of this single comparison, is more tolerant of high con¬ 
centrations in its tissues. 

The pH values obtained for the plots before sowing and after harvesting 
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loS 

eac*h ol the three crops are also summarized in table 1. The detej’minations were 
made ^^llh a gkbb electrode (Beckman pH meter) in soil samples moistened to a 
soft paste. Applications of HF had no appreciable effect on the acidity of the 
hoil; XaF decreased it somewhat. 

A test was made of the relative at'^ailability of the fluorine of fluorides added 
to the loamy sand from New Jersey and that added to a sandy loam, higher in 
colloidal material, of Belts\dlle, Md. These soils differed greatly in their original 
fluorine content, the foimer containing 12 ppm. and the latter 214 ppm. This 
difference is in accordance with Robinson’s^ statement that, in general, sandj^ 
soils are low, and heavier-textured soils high, in fluorine. The fluorine of the 
Belts\fllle soil, however, is evidently not readily available to plants, since it 

TABLE 2 


Comparative fluorine uptale hi/ coUard plants grown with sodium fluoride added to a loaniij 

sand (A)^ and a sandij loam (B)t 


PLOT VO. 

SOIL 

PLUOPINL \DDED 
rO SOIL 

V\ I R VGE DR^ WT 
or PLVNTb 

rLOURINE LON FFN 
OI PLANTS 



pptn. 

gm. 

ppm 

2 

A 

50 

.46 

68 0 

5 

B 

50 

.62 

25.0 

2 

A 

7S 

.26 

111.0 

5 

B 

78 

.18 

51.0 

3 

A 

0 

.4o 

3.7 

6 

B 

0 

.68 

3.5 

3 

A 

0 

45 

4.0 

6 

B 

0 

.15 

9.8 


^ Sassafras loamy saud of Springto^n Corners, N J , containing 12 ppm. of naturally 
occurring fluorine. 

t Congaree sandy loam of Beltsville, Md., containing 214 ppm. of naturally occurring 
fluorine. 

causes no s 3 Tnptoms of injuiy, whereas in the loamy sand, plants were stunted 
severeN bv applications of but 50 ppm. fluorine as HF (table 1). 

Equal quantities of NaF were stirred into unlimed plots of the sandy loam, 
across the aisle from the corresponding plots of the loamy sand that were a part of 
the preceding experiment. Two crops of collards were sown and harvested at the 
same time as were the first two crops of the first experiment, for compai*ison of 
the uptake of fluorine from the two soils. Tlie data from comparable plots arc 
recorded in table 2. 

These data show that the plants took up more than twice as much fluorine 
from the fluorides applied to the loamy sand as from the sandy loam. For the 
first crop, the uptake from the two soils was 68 and 25 ppm., respectively. When 
the added fluorine amoimted to 78 ppm., for the second crop, the plants in the 
sandj’' loam were uninjured and contained but 51 ppm. of fluorine, whereas those 
in the loam^- sand were stimted and contained 111 ppm. 

Results of a pot-culture test of the comparative toxicity of fluorine in the 
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two soils also idiowed that plants tolerated much more NaF without injury in 
the sandy loam than in the loamy sand. Whereas in the latter soil collards were 
stunted by a concentration of 100 ppm. of fluorine and failed to germinate at 
concentrations of 400 or more ppm., those in the sandy loam were not injured 
at any concentration used up to 800 ppm.® 

SUMMARY 

Fifty parts per million of fluorine added as hydrofluoric acid to an acid (pH 
4.9) sandy soil in small increments over a period of 6 weeks stunted coUard 
plants to about half their normal size. Tops of the injured plants had a fluoiine 
content of 96 ppm. In contrast, plants in limed soil took up but 43 ppm., and 
this was harmless. 

Where sodium fluoride was added to the soil, plants from the unlimed and 
limed plots contained 68 and 45 ppm. of fluorine, respectively, and none were 
injured. 

Where relatively insoluble calcium fluoride was added to the soil, still less 
fluorine was found in the plants—37 ppm. and 5 ppm. for the unlimed and limed 
plots, respectively, with no plant injury. 

Analyses of a second crop of collards grown in these same plots after the soil 
had been remixed then given additional 2-ppm. increments of fluorine to produce 
a total of 78 ppm., showed more fluorine in plants that received hydrofluoric 
acid than in those that received sodium fluoride. Liming greatly reduced uptake 
of fluorine from both chemicals. Hydrogen and sodimn fluorides in the unlimcd 
plots were both hi^y injurious, as shown by reduced dry wei^ts, while plants 
in the adjacent limed plots with their relatively low fluorine contents were 
uninjured. 

Analyses of a third crop, buckwheat, from the some plots after additional 
increments of the two soluble fluorides had increased the fluorine added to the 
soil to 102 ppm., again showed that more fluorine was taken up from HF than 
from NaF, and that liming had greatly decreased fluorine uptake from both 
fluorides and prevented injury to the plants. 

The leaf injury caused by the large fluorine uptake of the buckwheat plants 
in the unUmed plots was a marginal withering and chlorosis, followed by necrosis 
and sometimes spotting. Collard plants injured by fluorine showed similar symp¬ 
toms. Buckwheat took up more fluorine than did collards and tolerated larger 
quantities in its tissues without injury, judged by the healthy condition of the 
buckwheat that contained 900 ppm. of fluorine compared with the stunted 
growth of three lots of collards containing but 96, 111, and 262 ppm., respectively. 

‘ Wheat, like collards, was uniajured by this concentration of fluorine, but barley showed 
fired leaf tips with half as much. Moreover, leaf spotting appeared on barley at concentra¬ 
tions of 600 ppm., but wheat in the same pots showed no injury. 
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The Actinomycetes. By Selman A. Waksman. The Chronica Botanica Co. 

Waliiham, Massachusetts, and Stechert-Hafner, Inc., New York, 1950. Pp. 

230, figs. 39. Price $5. 

This is volume 9 of Anrudes Cryptogamid et PhytopdMogid. An introduc¬ 
tory page presents a biographical statement on the author. The text goes into 
detail concerning the taxonomy, identification, morphology, mutation, nutrition, 
enzymology, antagonistic properties, and distribution of actinomycetes and the 
part these microbes play in the decomposition of plant and animd residues and 
as causative agents in plant, human, and animal diseases. The appendix gives 
the composition of media employed in the study of actinomyctes and a bibliog¬ 
raphy of 522 references, more than 50 of which are papers by the author and 
his associates. Anyone who is interested in this phase of microbiology \vill find 
this volume of great value. 

AgrieuUurd Progress in Ihe Cotton Belt Since 1920. By John Leonaed Fulmee. 

The University of North Carolina Press, Chapel Hill, 1950. Pp. 236, figs. 26. 

Price $3.50. 

The author points out that the area devoted to cotton has declined from a 
peak of 43.5 million acres, in 1926, to less than 25 million acres harvested an¬ 
nually since 1938. In contrast, the area devoted to other important farm crops, 
notably sorghum, hay, oats, wheat, peanuts, soybeans, rice, and vegetables, 
has increased from 27 to nearly 45 million acres. Similarly, the number of cattle, 
of which a little more than one quarter are dairy cattle, has increased from 15 
to nearly 20 million. In 1924,50 per cent of the gross farm income was from the 
sale of cotton, in comparison with about 25 per cent at present. In the summary, 
the author suggests that cotton production be standardized at around 20 million 
acres, that inducements be made to young men to train for agriculture, that a 
training program be developed for farm labor, that a national land-use policy 
be developed for the Cotton Belt, and that an effort be made to speed up the 
application of the findings of the agricultural experiment stations. Ibie appendix 
contains some very useful statistics and a long list of references. The book raerils 
wide reading by all those who are concerned with national agricultural welfare, 
as well as by those who live in the Cotton Belt. 

Applied Sedimentation. Edited by Paeker D. Teask. John Wiley and Sons, 

Lie., New York, 1950. Pp. 707. Price $5. 

The 35 papers contained in this book were written by specialists in sedimenta¬ 
tion, in engmeering in connection therewith, and in a great variety of closely 
related subjects. Among the topics discussed are: origm of soils, landslides, perma¬ 
frost, effects of soil conservation, sedimentation in reservoirs, guUying, ceramic 
clays, sedimentary mineral deposits, problems in petroleum geologj', and some 
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military and naval applications. These papers were prepared under the direction 
of the Division of Geology and Geography of the National Research Council. 
A long list of references is appended to each paper, the total number for the 
entire volume being more than 2,000. The book is well illustrated and presents a 
comprehensive picture of the problems involved and the methods that are being 
employed to deal with them. It contains a large amount of very useful informa¬ 
tion of interest to a great variety of workers in this field of research. A copy should 
be available for reference in every agricultural experiment station library. 

The Biochemistry of Vanadium. By Didier Bertrand. American Museum of 

Natural History, New York, 1950. Pp. 49. Price $0.65. 

This is No. 2 of the Survey of Contemporary Ejiowledge of Biochemistry, 
which constitutes article 7, volume 94, of the publications of the American Mu¬ 
seum of Natural History. The paper was translated by Vera Lee, and the pref¬ 
ace was written by G. E. Hutchinson, at whose invitation the paper was pre¬ 
pared. It discusses vanadium in roclcs, sediments, waters, soils, coals, petroleum, 
plants, and animals. The toadstool Amanita muscaria is an outstanding example 
of a vanadium-accumulating plant, with an average vanadium content of 112 
ppm. dry weight, in comparison with a mean of about 1 ppm. for other plants. 
The evidence strongly suggests that vanadium is essential to all plants, notably 
to the legumes and the nitrogen-fixing bacteria. This bulletin is highly recom¬ 
mended to those who are concerned with minor-element studies in relation to 
the growth and well-being of plants, animals, and man. 

Biophysical Research Methods. Edited by Fred M. Uber. Interscience Publish¬ 
ers, Inc., New York, 1950. Pp. 667. Price $9.50. 

One of the most interesting chapters in this book is entitled: ^‘Avoid Fruitless 
Experiments.’’ It was written by the editor and gives an excellent summary of 
the problems and pitfalls in research. The figures in this chapter are cartoons, 
and they illustrate the author’s points very effectively. The remainder of the 
book deals with apparatus and techniques, with special reference to osmotic 
pressure, viscosity, temperature, colorimetric, bioelectric, and electrophoresis 
measurements, and to a considerable variety of other topics, including centri¬ 
fugation, ultrasonic vibrations, electron microscopy, absorption spectra, x-radia- 
tion, electrons and related particles, stable isotopes, and radioactive tracers. 
Each chapter is written by a specialist in that field and has a long list of impor¬ 
tant references appended. The book is well illustrated with excellent drawings 
of the apparatus involved. The quality of the material presented is of a high 
order. The book fills a very important need for reference purposes. 

Botany. By Wilpred W. Robbins and T. Elliott Weibr. John Wiley and 

Sons Inc., New York, 1950. Pp. 480. Price $5. 

The subtitle of this textbook is “An Introduction to Plant Science.” The 
authors have made a very evident attempt to arouse the curiosity of the begin¬ 
ning student in botany who may be taking the course merely because it is re- 
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quired. The book first deals wth the plant world in general and then proceeds 
to the classification of plants, a discussion of their parts, the processes that 
take place within the plant, and the evolutionary development of the plant 
kingdom. For easy reading, a double-column format was employed. Each illus¬ 
tration is well labeled and tells its own story, almost without reference to the 
text. The several hundred excellent illustrations should be of great interest 
to every student, no matter what his purpose in life. It is readily apparent 
that the authors have invested much time and energy in the development of 
this text, which is certain to enjoy veiy wide adoption by teachers of this sub¬ 
ject. 

Clinical Nutrition, Edited by Norman Jolliffe, Frederick Tisdall, and 

Paul Cannon. Paul B. Hoeber, Inc., New York, 1960. Pp. 925, illus. 127. 

Price $12. 

Prepared under the sponsorship of the Food and Nutrition Board of the 
National Research Coimcil, this book constitutes an authoritative presentation 
on diagnosis of nutritional deficiencies, malnutrition wth respect to the various 
essential constituents, and means of control. The 36 contributors are outstanding 
representatives of their several fields of research, each occupying an important 
position in some college of medicine or institute of nutrition. The several chapters 
deal with methods of diagnosis of deficiencies in man, the various types of malnu¬ 
trition, including those related to mineral, trace-element, and vitamin deficien¬ 
cies, and the principles of nutritional therapy, including consideration of diet- 
otherapy, obesity, nutrition and health, nutrition in public health service, 
and nutritional problems associated with industrial work. The appendix contains 
recommended dietary allowances, food-value tables, dietary patterns, and ideal 
weights. The illustrations, 61 of which are in full color, are exceptionally good. 
The book is of much interest to soil-plant scientists who are concerned with 
the production of food crops of high nutritional^ quality. The part dealing with 
minerals, trace elements, and vitamins is of special importance in this connection, 
since these qualities of crops are susceptible to improvement by crop-production 
specialists. The book should be readily available to every scientist concerned 
with soils, plants, animals, and man. 

Croissance dcs V6g6taux Cultivis. Fourth Edition. By A. Demolon. Dunod, 

Paris, 1949. Pp. 477, figs. 98. 

This book was designed for those who are concerned with research in the 
production of crop plants. It deals with the physical, chemical, and biological 
factors involved, and the growth and yield of crops. Two chapters of special 
importance are those concerned with crop quality and experimental procedures. 
The appendix outlines methods of analyses of plant materials. A list of 25 se¬ 
lected books and 15 periodicals for reference is presented in the front of the 
book, and a large number of other references are given in footnotes. Of the 
minor-element group, copper, zinc, manganese, and boron are discussed, with 
some additional comments on molybdenum for leguminous plants and cobalt 
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for animak. Relatively little attention is paid to sodium. Rubidium and caesium 
are mentioned, as are the toxic elements, including zinc, copper, lead, arsenic, 
and vanadium. Magnesium is also discussed in this connection, vdth special 
reference to its ratio to calcium and potassium; and toxicity of selenium to 
livestock is mentioned. This is an excellent book for use in developing a reading 
knowledge of French, with definite possibilities of gaining a number of new ideas 
in the process. 

Experimental Desigyis. By William G. Cochran and Gertrude M. Cox. 

John Wiley and Sons, Inc., New York, 1950. Pp. 454. Price $5.75. 

Statisticians do not perform experiments. They tell other folks how to do it. 
But this is largely for self protection. At first they merely analyzed the results of 
tests brought to them for interpretation. Then they decided it would help if 
they offered some suggestions on planning experiments so that statistical an¬ 
alysis could more readily be applied. That is the purpose of this book. It begins 
with an analysis of the principles that underlie sound experimentation. Then it 
discusses the most important experimental designs that have been demonstrated 
to have value in research programs. It seiwes as a handbook for consultation in 
planning experiments and in analyzing the data, once they have been obtained. 
Most of the illustrations have been taken from the field of biology, and a large 
percentage of these from agriculture. The book, therefore, is of special value to 
scientists in the agricultural experiment stations the country over. The ap¬ 
pendix contains tables of random permutations and more than 100 selected refer¬ 
ences. Any researcher who is planning a comprehensive experiment to cover a 
period of years would show good judgment in consulting this book as his first 
step. This is the most useful book in its field so far published. 

Field Crops in Colorado, By Warren H. Leonard and Robert S. Whitney. 

Burgess Publishing Company, Minneapolis, 1950. Pp. 322, figs. 18. Price 

S4. 

This boolc is unique in that it deals with field crops on a state basis rather 
than on a national basis. It is designed to supplement the authors* more general 
text, “Crop Production,** Virtually all of the research reported was conducted in 
Colorado. The book is divided into four parts: general principles, crops of the 
gi'ass family, leguminous crops, and crops of other plant families. The appendix 
contains weights and measures, rate of discharge of irrigation water, and silo 
tonnages at filling and after settling. The chapters on irrigation, sorghums, 
alfalfa, field beans, and sugar beets are of special interest. Included among 
the minor crops are safflower, flax, buckwheat, sunflowers, Jerusalem artichokes, 
and guayule. The book should fill a highly important place in the instructional 
program in Colorado and near-by states. 

Foimdations oj Modern Physics. Second Edition. By Thomas B. Brown, John 

Wiley and Sons, Inc., New York, 1949. Pp. 391, figs. 181. Price $5. 

As the title suggests, this book presents the fundamental theories on which 
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modem physics is based. Mathematical concepts are expressed in terms of al¬ 
gebra and geometry. Specific experiments are described as a means of illustrating 
principles. The first part of the book deals with particles and waves per se, the 
second with dual wave-particle relationships, the third with the kinetie theory 
of atoms and molecules, and the fourth with nuclear physics, including atomic 
energy. Problems and references for supplemental reading are appended to each 
chapter. The appendixes present the units of physical measurement, phj'sical 
constants, periodic tables, periods of oscillation, the theory of relativity, and 
the theory of radioactive decay. The illustrations are excellent. The author is 
to be congratulated on his ability to present a highly complex subject in a readily 
understandable manner. Many soil-plant scientists will find this book very useful 
for ready reference. 

Food and People. By the United States National Commission for Unesco, Depart¬ 
ment of State, Washington, D. C. 

This consists of a series of paper-bound pamphlets, including Food, Soil, and 
People, by Charles B. Kellogg; Food and the Family, by Margaret Mead; U. S. 
Agriculture in the World Food Situaiion, by Arthur P. Chew; Food and People, 
by Alva Mydral and Paul Vincent; Distribviion of the Wcrld’e Food, by Stefan 
I&olikowski; U. N. Sets the Table, by Peter Kihss; Food and Social Progress, 
by Andre Mayer; and a guide for leaders of discusaon groups. The pamphlets 
are available free for discussion leaders. Others may purchase them from the 
Manhattan Printing Company, 226 Lafayette Street, New York 12. The material 
in these pamphlets is well presented and merits study. 

Fourth Internaiiorial Congress of Soil Science Transactions, Volume 1. Hoitsema 

Brothers, Groningen, Netherlands, 1950. Pp. 428. 

The editorial committee presents in this volume the three general lectures by 
T. Wallace, H. H. Bennett, and L. Dudley Stamp, and all or part of 108 addi¬ 
tional papers on soil physics, chemistry, biology, fertility, and conservation, 
clay minerals, tropical and subtropical soils, land classification and evaluation, 
and saline soils. A second volume, containing the remainder of the papers, 
is expected to be available by the beginning of the Congress, which is to be held 
in Amsterdam, July 24 to August 1, 1950. 

Fruit Sconce. By Nobman Franklin Childers. J. B. Idppincott Company, 

New York, 1949. Pp. 630, figs. 304. Price $5. 

The purpose of this book is to provide undergraduate instruction in pomology. 
To that end, the author has presented a comprehensive and modernized survey 
of the science and practice of growing and marketing fruit, including apples, 
pears, peaches, plums, cherries, grapes, strawberries, bush berries, and other 
closely related fruits. The first 12 chapters are concerned primarily with apples, 
and present this subject in considerable detail. It is assumed that the principles 
involved in the production, harvesting, storing, and marketing of this fruit can 
be applied, with suitable modifications, to other fruits as weU. Each chapter is 
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followed by a set of questions and a list of suggested collateral readings. The 
large number of excellent illustrations is a highly important part of the book. 
The author is to be congratulated on having brought together in one volume 
such a large amount of well illustrated material for the benefit of students in 
this field. Fruit growers will find the book highly useful for reference. 

Heavy Metal Prosthetic Groups and Enzyme Action. By Otto Warburg. Oxford 
University Press, New York, 1949. Pp. 230, figs. 49. Price $3.75. 

The translation from the German original was made by Alexander Lawson. 
The book begins with a discussion of the experiments of Edmund Da^’y, in 1820, 
which led to the discovery of the catal 3 rtic effect of finely di\’ided platinum. It 
then deals with oxygen-transporting iron, the oxygen-transporting copper com¬ 
plex of the phenol oxidases, the hydrogen-producing iron catalyst of the butyric 
acid bacteria, the heavy metals of yeast z 3 nnohexa&e, and the heavy metals 
of the chloroplasts. The final chapter has to do with the quantum requirement 
of carbon dioxide assimilation. The book is of interest primarily to those who are 
closely identified with enzyme research, and the translator has rendered a high 
ser\1ce to them. 

Jan Ingenhousz, Plant Physiologist^ with a History of the Discovery of Photosyn¬ 
thesis. By How’-ard S. Reed. The Chronica Botanica Co., Waltham, Mas¬ 
sachusetts, and Stechert-Hafner, Inc. New York, 1950. Pp. 393, illus. and 
plates 13. Price, paper-bound, $3. 

This is number 5/6, volume 11, of Chronica Botanica. It begins with a biolog¬ 
ical sketch of Ingenhousz. It then proceeds with a discussion of his studies which 
led to the discovery of photosynthesis. Finally, it gives the text of 18 of Ingen- 
housz’s experimental reports, with supplemental comments concerning them. 
The appendix contains two letters from Benjamin Franklin to Ingenhousz which 
indicate that these men wrere close friends. The contents of this volume are of 
great interest not only to plant physiologists but to all those who are engaged in 
research in that it permits of a study of the workings of a highly original mind 
at a time when science was in its infancy. 

The Nature of Natural History. By Marstox Bates. Charles Scribner’s Sons, 
New' York, 1950. Pp. 309. Price $3.50. 

The well-trained and widely traveled author of this book brings a wealth of 
interesting philosophy to play in his w'ord picture of the living world of which we 
constitute a part. Using the movie technique, he first takes a look at the earth 
whirling through space and, moving toward it, begins to pick up the details until 
he finally sets to work exploring as with a microscope. He finds space to con- 
rider the problem of naming organisms, cataloging nature, taking a look at 
biologic time, examining into reproduction, and watching the individual develop, 
commenting that man is the only animal that has lost the ability to grow up. 
Then he considers the influence of environment, the part played by community 
life, the despotic nature of populations, with time out to comment favorably on 
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Raymond Pearl and to raise an eyebrow at Togt and Osborn, our current “proph¬ 
ets of gloom.” Finally, he considers adaptations, the nature of evolution, natural 
economy, the naturalists themselves, experimental techniques, and the goal— 
“to learn to face the world more boldly as we find it.” The appendix contains 
more than 60 selected references, with supplemental comments as to the special 
importance of each. The book is an excellent example of interesting, informative, 
and stimulative writing. 

Out of the Earth, By Louis Bromfield. Harper and Brothers, New York, 1960. 

Pp. 305, plates 32. Price $4. 

Louis Bromfield makes such a good case for his methods of research as almost 
to persuade one that the experiment stations have the wrong approach to the 
study of soils, plants, animals, and man. Of course, Bromfield is an intelligent 
man, and he reads, travels, and talks to many persons in the course of a year, 
most of whom apparently come to visit him. As a result of his many contacts 
he is becoming an increasingly well-informed man, and this book shows it. 
Thus he no longer advocates throwing away the moldboard plow, eliminating 
the com crop, farming without fertilizers, specializing in earthworm production, 
or doing a lot of other things that passing fancies suggest, but he puts each 
of these in its proper place. And he raises some veiy embarrassing questions for 
agricultural scientists to ponder, such as his method of curing cattle of Bang's 
disease. All of this is set down in print in such an attractive manner that tifcie 
reader finds himself entranced by the good earth as Bromfield portrays it. The 
book is worth having. 

Periodic Add and Iodic Add and thdr Salts. Fifth Edition, revised. By G. 

Frederick Smith. The G. Frederick Smith Chemical Company, Columbus, 

Ohio, 1950. Pp. 108, figs. 2. 

“Periodic acid or its alkali salts are reduced in aqueous media to iodic acid or 
iodates by certain organic compounds in accordance with quantitative reactions 
which make possible the determination of the reducing agents.” This statement, 
quoted from an introductory note by L. Malaprade of the University of Nancy 
in France, who first made use of this principle, gives a general idea of the purpose 
of the book. The several chapters deal with nomenclature, preparation of re¬ 
agents, methods of determination of manganese in various materials, of potas¬ 
sium and lead, and of arsenic, antimony, iron, thallium, thiocyanate, sulfurous 
acid, hydrogen peroxide, and hydrazines, and reaction characteristics in the 
oxidation of organic compounds. A bibliography of important references is 
appended. Analytical chemists will find much material of value in this highly 
specialized little volume. 

Physical Methods of Organic Chemistry. Second Edition. Edited by Arnold 

Weissbbrger. Interscience Publishers, Inc., New York, 1949. Pp. 1072. 

Price $12.50. 

In this new edition of the first of a two-volume treatise on techniques in 
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organic chemistiy, five chapters have been added and considerable expansion 
is noted in a number of other chapters, some of which have been entirely rewrit¬ 
ten. The volume gives methods of determining melting, freezing, boiling, and 
condensation temperatures, vapor pressure, density, solubility, viscosity, surface 
tension, osmotic pressure, and contains chapters on calorimetry, microscopy, 
determination of crystal form, crystallochemical analysis, and determination 
of the properties of monolayers and duplex films. General references are ap¬ 
pended to each chapter and more specific ones are shown as footnotes. The 
volume is well illustrated with good diagrams. The writers are widely known for 
their contributions in their respective fields of research. As in all compilations 
of this type, there is considerable variation in the quality of writing, but most 
of the material is presented in excellent form. The volume is certain to find wide 
usage among and save a lot of time for organic chemists who need to use physical 
methods in their work. Every organic chemistry laboratory will want a copy of 
the book close at hand for ready reference. 

Recormaissance Soil Survey of Japan, Kyushu Area. By Robert E. O’Brien 

AXD E. J. Kohler. General Headquarters Supreme Commander for the 

Allied Powers, Tokyo, 1950. Pp. 73, figs. 12, colored maps 10. 

This is multigraphed report No. 110-B of the reconnaissance soil survey of 
Japan. It covers the island of Kyushu, the southernmost of the four main islands. 
Much of the area is mountainous, the agriculture is largely rice culture, the farms 
are very small, most of the work is done by hand, and the climate is humid and 
subtropical. For the most part, the soils are of volcanic origin and comparatively 
young, the crop lands are alluvial, and the cultivated soils are developed from 
windblown volcanic ash. The report is weU illustrated and very interesting. It 
gives a veiy good picture of a highly intensive type of agriculture, in addition to 
describing the soils of the area. 

Soils, Their Origin, Constitution, and ClassificaMon. Third Edition. By Gilbert 

Wooding Robinson, Thomas Murby and Co., London, 1949. Pp. 573, figs. 

22, plates 9. Price 32s. 

The purpose of the author is to present a general view of the science of ped¬ 
ology. With each revision, the book has been enlarged and its scope has been 
extended. Appended to the introductory chapter is a considerable list of impor¬ 
tant reference books and jomnals. The second chapter gives a general view of the 
soil and its constituents. It is followed by chapters on soil formation, clay com¬ 
plex, base exchange, organic matter, physical properties, water relationships, 
podzols and chernozems, hydromorphic, saline, tropical, and calcareous soils, 
classification, geography, surveys, and analysis of soils, and, finally, soils in 
relation to agriculture. Important references are appended to each chapter. 
Some very interesting and instructive profiles are presented as plates. The 
book is dedicated to C. F. Marbut and it shows considerable evidence of his 
influence on the author. Every student of the science of pedology wiU find much 
of interest and value in this presentation. 
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Survey of LUeratwre on the Influence of Ions on Plants and Soils. Compiled by A. 
Mibashan. Interscience Publishers, Inc., New York, 1948. Pp. 46. Price, 
paper-bound, $1.25. 

This survey was made under the auspices of the Board for Scientific and 
Industrial Besearch of the Government of Palestine. The subject is considered 
largely in relation to the problem of salinity and the need for some method of 
desalting the irrigation water. Reference is made to 92 papers on related topics. 
In addition to the common methods of overcoming salinity, the suggestion is 
made that improvement may be effected by addition of fertilizers. There is 
evidence of the value of this method. The assumption is that deficiencies of 
certain elements, rather than hi^ salt content, may be responsible at times for 
the crop’s failure to grow satisfactorily. 

Teaching Agriculture. By Cabsib BUmmonds. McGraw-HiU Book Company, 
Inc., New York, 1950. Pp. 353, figs. 8. Price $3.50. 

The author of this book is thinking primarily of teachers of agriculture rather 
than professors of specific subjects in a college of agriculture, but one chapter is 
devoted to the needs of the latter group. His purpose is to present a background 
of educational concepts, together with some of the philosophy and psycholc^ 
of teaching. He is disturbed by the extent to which farm folks move to town and 
take their money, or their training which represents money, mth them. To 
compensate, he favors subsidizing education in agriculture. It is comforting to 
note that a man of 60 has a learning capacity equal to that of a 20-year-old. 
The book contains a considerable amount of very useful and suggestive material. 
It would be greatly improved, however, by more illustrative material, notably 
graphs. 

The Editohs. 

Thermcd Properties of Soils. By Miles S. Kbbstbn. Bulletin 28, Engineering 
Experiment Station, University of Minnesota, St. Paul, 1949. Pp. 227, figs. 

138, plates 6. Price $2. 

This report presents the results of investigations to determine the thermal 
properties of a number of soils under varying conditions of temperature, mois¬ 
ture, bulk density, and texture. The term “soils” is here used in the engineering 
sense. Notwithstanding this limitation to the agricultural soil scientist and even 
thou^ all but three soils (two from Minnesota and one from Massachusetts) 
were from Alaska, these studies have considerable value in that they were de¬ 
signed to establish fundamental laws and relationships. Numerous well-drawn 
graphs make for an excellent presentation of the data. Four charts aid in the 
prediction of conductivity values for other soils. 

Geoboe R. Blake. 


NOTE 

The Texas Research Foundation of Rermer, Texas, announces that it has been 
appointed the agency to receive nominations for three awards to be presented 
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biennially by the Hoblitzelle Foundation on a state and national basis 
encourage the development of well-balanced eflSicient agricultural systems adap¬ 
ted to the soils and climate of the respective regions.” These awards are for the 
person who has made the most important scientific contribution to American 
agriculture; the Texan who has made the most important scientific discovery or 
contribution through investigations conducted largely or wholly in Texas; and 
to the Texan who has made the most notable contribution to the advancement 
of agriculture in Texas. Each award consists of a gold medal and $5,000. 
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Dr. Gilbert Wooding Robinson, C.B.E., P.R.S., professor of agricultural 
chemistry and dean of the Faculty of Science in the University Collie of North 
Wales, died suddenly on May 6,1950, at the age of 61. 

Professor Robinson was a native of Wellington, Shropshire, and was educated 
at Wolverhampton Grammar School and Cambridge University, where he was 
a scholar of Gonville and Caius College. After a short period as demonstrator 
in the School of Agriculture of that university, he was appointed advisory 
agricultural chemist at the University College of North Wales in 1912. He was 
appointed independent lecturer in 1920 and made professor of agricultural 
chemistry in 1926. For many years he was chairman of the Soils Correlation 
Committee of the Ministry of Agriculture, and in 1939 was appointed the first 
director of the Soil Survey of En^and and Wales, a post he held until 1946, when 
reorganization of the Agricultural Services resulted in transfer of the survey 
headquarters to Rothamsted. He then became chairman of the Soil Survey 
Research Board of the Agricultural Research Council, which enabled him to keep 
in close touch with that branch of soil science that had interested him most. 
This also gave the survey the great benefit of his long and extensive experience. 
He was an active member of the International Society of Soil Science and had 
been president of Commission I (Soil Physics) since 1930. He had also been 
president of the British Soil Science Society since 1948, In 1936, he became a 
consulting editor of Soil Science. For his contribution to pedology he was made 
a Fellow of the Royal Society in 1948. 

He was one of the very few Englishmen who have taken the trouble to master 
colloquial Wdsh, in which he frequently lectured and broadcast. This kept him 
in close touch with the farming community, by whom he was hdd in great 
respect. He also took a deep interest in Wddi national affairs, especially educa¬ 
tion, and was a prominent churchman. He was a Justice of the Peace for Caemar- 
vondbdre, and in 1948 was made Commander of the Order of the British Empire. 

He had an excellent command of languages, speaking six fluently, was widely 
traveled, and had many friends in aU parts of the world. In 1949 he visited New 
Zealand as a Royal Society delegate to the Seventh Pacific Science Congress, an 
opportunity he used to become familiar with some of the soils of that country 
and Australia. For a long time he had a close association with Spain, where he 
gave a course of lectures in 1946, and his translation of del Yillar’s book on the 
soils of Spain is well known. Only recently had he returned from a visit to that 
country after receiving a gold medal on his dection as an honorary member of 
the Spanish Hi^er Council of Scientific Research, 
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About the time Professor Robinson was studying at Cambridge, a great interest 
in soil survey developed in Great Britain and in particular at that university. 
Within a few years reports appeared on the soils of Dorset, parts of Cambridge¬ 
shire, and, of course, the well-known “Soils of Kent, Surrey and Sussex” by Hall 
and Russell. Robinson’s contribution to this early work was his survey of the 
soils of Shropshire (1912). This interest in soil survey he took with him to Wales, 
and a steady, although not large, stream of papers on the soils of North Wales 
came from his pen. 

In an interesting contribution to Commission V of the Comity International 
de Pedologie in 1924 he provided a brief account of the development of his 
ideas on soil survey and soil classification. The early work had tended to empha¬ 
size the close relation that exists between “solid” geology and soils in the non- 
glaciated regions of England, but farther north, in Shropshire, his survey con¬ 
vinced him that matters were not quite so simple where glacial drifts, sometimes 
far-tratreled, gave a somewhat different picture. In Wales the position was even 
more complicated. 

The ideas of the Russian school gradually spread after the first World War, and 
he quickly realized that these would provide a solution to the problem of soil 
clas^cation. In the 1924 paper he indicated, rather diflBidently, one feels, that 
there are podzols in Wales and that the calcareous soils of the south of England 
mi^t be considered as rendzinas. 

A beginning was made with a systematic and detailed soil survey of Wales 
under his direction in 1925, and in spite of the small staff, good progress was 
made. The classification used in the early stages was based mainly on surface 
texture and geology, but in 1929 he decided to adopt the American system of soil 
series and types based on the soil profile, which through his influence as chairman 
of the Soils Correlation Committee has been generally used since that time in 
England and Wales. 

During the First International Congress of Soil Science, he came under the spdl 
of C. F. Marbut, and the dedication of “Soils, Their Origin, Constitution and Clas¬ 
sification” indicates how much he owed to this friendship. The book, however, 
showed an originality of outlook and presentation that has made it one of the 
best texts on pedology and one that will not lose its value for many years to come. 

The early soil surveys showed the need for more satisfactory methods of soil 
anal 3 rris, and the Robinson procedure of mechanical analysis, which masquerades 
under the title “International Method,” is now the standard method in most 
laboratories. The preparatory investigations for this led to some interesting work 
by Robinson and his colleagues on the effect of hydrogen peroxide on soil organic 
matter, and he evolved an ingenious method of determining carbon and ni¬ 
trogen on the same sample of soil. He was one of the leading exponents of use 
of tire composition of the clay fraction in the soil profile as an aid to elucidation 
of the nature of the pedogenic process and to soil classification. 

It is to Robinson’s teaching and lecturing that we must look for his major 
contribution to the development of soil studies in Great Britain and elsewhere. 
His broad outlook and genial nature made him an ideal lecturer, and he was 
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always ready with. s 3 ^iDpathy and counsel for students and younger workers 
struggling with the rapid and rather specialized advances in soil science. His 
students are to be found not only throughout Wales, but in most agricultural 
teaching and advisory centers in Britain, and many are in the Colonial Agricul¬ 
tural services. 

His modesty and ability to see other points of view are well illustrated in the 
preface to his book, where he quotes Cervantes, “He propmmds something and 
condvdes nothing” Readers of “Soils” will realize how far from the truth this is. 
His ready grasp of the essentials of an argument made birn a most valuable 
speaker in any discussion. 

His early work had an essentially practical bias, but later his profound knowl¬ 
edge of the classics led him to a more philosophical approach to pedology, which 
is well illustrated by his last contribution to the British Journal of Soil Science. 
Neverthdess, his continued appreciation of the needs of practical agriculture 
was shown during the recent war in the great service he rendered on the various 
committees dealing with the problems of increasing food production. 

Soil science has suffered a very great loss in Professor Robinson’s death, but 
we hope that the soil survey he strove so hard to build up will continue to serve 
as a living tribute to his memory. 

Alex Muir 




BEIATIONS OF SOIL AIR TO ROOTS AS FACTORS IN 
PLANT GROWTH^ 

J. B. PETERSON 

Purdue University Agriaidtural Experiment StoHm 
lUoeiTed for publication December 13,1949 

As techniques for growing plants in soil in the fidd have improved, failure to 
reach expected levds of productivity with new varieties, de^ite adequate 
application of essential nutrients and of weed, insect, and disease controls, has 
focused attention on the significance of physical properties of soils. 

In handling field soils, farmers simply expedite a few steps in the great natural 
hydrologic cycle to provide the roots of their crops with a proper air-water 
^vironment. Water from the earth’s surface is pumped into the air by the 
sun’s energy and is brought to the field under the indirect influences of this 
energy, the motion of the earth, and gravity. As precipitation, it is available to 
plants only if induced to soak into the soil rather than run off the surface. 
Once in the soil, excess water must be carried on down and out by gravity to 
prevent clogging of the pores and injurious exclusion of air. 

The farmer may control applications of water through irrigation. Where he 
can do this and where water and fertilizer are cheap, sandy lands are desirable 
because of their high porosity, rapid drainage, and good aeration. 

Where water is e55)ensive or is obtained only from precipitation, the capacity 
of the soil to hold enou^ usable water to keep growth at a TnatiTwiin between 
additions becomes important. 

The subject of soil aeration has been well covered by numerous reviews, 
among which those by Page,* Kramer (36), Baver (6, pp. 267-287), Miller (39), 
Meyer and Anderson (38), the Cornell Univeraty Interdepartmental Seminar,* 
and Clements (19) are especially useful. 

effect of AnBATION ON CHOP BBSFONSE 

There is ample evidence of the plant’s need for oxygen in soil air and of the 
harmful effects of inadequate supplies of this material. Yields of tomatoes in 
water culture were materially increased by aeration of the solution (3). Aeraticm 
produced increases of as much as 210 per cent in tomato yield from culture 
solution (18). Increasing the noncapillary pore i^ace has reduced loss of stand 
of sugar beets and increased yidds on silly clay loams and clays of northwestern 
Ohio. Where soil aeration was improved, yidds were increased threefold to 

^ Journal Paper No. 469 Purdue University Agricultural Ejtperiment Station, Lafayette, 
Indiana. Contribution from the department of agronomy. 

* Page, J. B., and Bodman, G. B. Effect of soil phyrioal factors on nutrient availability. 
Umv. Wis., Madison, Centennial Symposium on Wdneral Nutrition of Plants, 1949. [Un¬ 
published.] 

• Com^ University Aeration and plant growth. Rpt. of Interdepartmental Seminar, 
1947. [Mimeo.] 
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fivefold (4). In this same study a total air capacity of 2 per cent by volume 
produced short stubby beets, whereas a capacity of 8 per cent resulted in long 
tapering beets. Com (33), Impaiiens halsamina (28), and apple seedlings^ are 
among the crops for which definite response to soil aeration has been found. 
Other examples of the beneficial effect of adequate aeration on yield have been 
reported by Stiles and Jorgensen (49) for barley and balsam, by Clark and 
Shive (18) for tomatoes, and by Allison and Shive (1) for soybeans. 

A typical growth response to soil oxygen is sho^vn in figure 1. 



Fio. 1 



0 CONC. AFTES ABSORPTION WITH N2 
I CONC. AFTER ABSORPTION WITH AIR 

Fig. 2 


Fig. 1. Rblationship op Oxygen Content op Soil to Geowth op Wheat Seedlings 
From Karsten (32); reproduced by courtesy American Journal of Botany 
Fig. 2. Effect op Aeration on Accumulation op Salt by Excised Roots op Barley 
From Hoagland and Broyer (26); reproduced by courtesy Plant Physiology 


PHYSIOLOGICAL EFFECTS OF SOIL OXYGEN 

The beneficial effects of soil oxidation may be due to stimulation of root growth 
(16). This stimulation may express itself in greater root branching, length, area 
of root surface; more root hairs; and thicker roots (1, 13, 15, 17, 20, 23, 49), 
all of which would result in greater feeding power of the plant. 

Bryant (13) observed that the cortex of roots in aerat^ solutions had uni¬ 
formly compact parenchyma with no intercdlular ^aces. That of nonaerated 
roots had large air passages separated by narrow strands of parenchyma. Start¬ 
ing at 25 mm. from the root tips, the cell walls of aerated roots thickened more 
rapidly than did those of nonaerated roots. Tissues of nonaerated roots started 
to differentiate nearer the tip than those of aerated roots. Compton® pointed 

* DeVilliers, J. I. 1939 Some response of Macintosh apple seedlings growing with the 
roots in various concentrations of oxygen. 1939. [Unpublished thesis for Ph.D. Copy on 
file Cornell Univ., Ithaca, N. Y.] 

^ See footnote 3. 
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out that this gave the aerated roots a greater effective feeding area in the root 
zone where most active salt absorption had been observed (41). 

Early work such as that of Hoagland and of Steward and their respective co¬ 
workers (8,26, 45,46) yielded evidence that salt accumulation by storage tissues 
(defined by Hoagland and Broyer as “movement of cations and anions into the 
vacuole against concentration gradients”) was dependent upon metabolic activi¬ 
ties of living cells as reflected in aerobic respiration. 

Steward (46) proved that accumulation of potassium salts by discs of storage 
tissues occurred only when oxygen was supplied at a suitable tension and rate 
of flow. Active aerobic respiration was found to be essential. Rosenfels (42) 
found rapid accumulation of bromine by Elodea in the dark to depend on aera¬ 
tion. In the light both Elodea and Nitella obtained the necessary oxygen from 
photosynthetic processes. 

Evidence of the relation of aeration to salt accumulation by roots is shown 
in figure 2. Hoagland and Broyer (26) found that potassium, bromine, and 
NOg would accumulate rapidly in the root sap against steep concentration 
gradients when a stream of air was passed through the external salt solution. 
From their results and those of Steward et al. (44, 46), they concluded that for 
the kinds of tissue studied, CO 2 production reflected metabolic activities es¬ 
sential to salt accumulation. 

Besides evidence that the energy provided by respiration is necessary for 
roots to accumulate salts against energy gradients, there is evidence that certain 
ions stimulate respiration. This is true of potassium absorbed by potato discs 
(48). Thus it would seem that when potassium is present, it stimulates the 
re^iration necessary for its accumulation. At any rate, a high rate of respira¬ 
tion goes hand in hand with potassium accumulation, and without that respira¬ 
tion, potassium is not absorbed. 

Steward and Preston (48), studying the effect of a range of salt concentrations 
on respiration and metabolism of potato discs, used bromides, chlorides, and 
nitrates of potassium and calcium. Increased external concentrations of po¬ 
tassium salts increased respiration, protein synthesis, and other reactions favored 
by oxygen. Corresponding concentrations of calcium salts with a common anion 
depressed these processes. 

The effective ions of the salts were found to be the cations. The specific effects 
of the cations were accentuated by the anions, order of influence of the anions 
on the absorption of a common cation being NO 3 > Cl > Br > SO 4 . 

In investigating relative influence of ammonium and nitrate salts as sources 
of nitrogen for barley plants imder different environmental conditions, Amon 
(2) foimd that plants supplied ammonium nitrogen were equal to those receiving 
nitrate nitrogen provided the former were grown in well-aerated solutions and 
manganese, copper or certain other metals were supplied. These results led 
him to speculate that the beneficial results of nitrate in culture solutions may 
be due in part to action of the nitrate as an oxidizmg agent in the plant. He 
pointed out that nitrate was a very effective oxidizmg agent, oxidizing two 
carbon atoms for every NOs" reduced to with a release of 162,000 calories. 
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He also noted that all the metals which benefited the plants receiving ammonium 
were capable of assuming several valence levels and hence were suitable catalysts 
for oxidation-reduction processes. 

Investigating this problem further, Gilbert and Shive (24) suggested two 
sources of CO 2 from respiration: first, the CO 2 produced by normal aerobic 
respiration in which the hexose substrate is completely broken down to CO 2 
and H 2 O; and second, “extra CO 2 ” which is produced from the partial oxida¬ 
tion of sugars in nitrate reduction. Since the first process is aerobic, the CO 2 
produced should theoretically be zero at zero oxygen tension. Theoretically, this 
aerobically produced CO 2 should reach its maximum when oxygen is plentiful. 
“Extra CO 2 ” was found to be inversely related to the oxygen tensions of the 

MtLLlMOtES |y|IUlM0l.e8 



Fig. 3. ReitAtion Between Rates op Niteatb-Ion Absorption and Extra CQj 
Fboduction by Soybean Roots aptbr 23 Days op Tbeat&obnt at 
Four Oxygen Levels 

From Gilbert and SMve (24) 

substrate. “Extra CO 2 ” was determined by calculating for a given oxygen ten¬ 
sion the difference between the CO 2 evolution of corresponding plus-NOs and 
minus-NOa cultures. The close relationship of this extra CO 2 to NOs, absorbed 
and the influence of oxygen levels on the process is shown in figure 3. 

OXYGEN REQUIREMENTS OP PLANTS 

There is not complete agreement on the oxygen level needed by different 
plants. It may vary with the soil and the plant. Steward and Berry (47) varied 
the oxygen percentage in the gas above the solution in which storage tissue 
was submerged. They found 20 per cent oxygen was maximum for accumulation 
of potassium, whereas 3.8 per cent permitted 70 per cent efficiency of potassium 
accumulation. But at 1.4 per cent oxygen, potassium was lost from tissue to the 
solution. Excised roots lost potassium to solutions under partial oxygen pressures 
of less than 1 per cent but showed nearly maximum accumulation at 2.7 per cent. 
Boots of most plant q)ecies were found (15) to require as little as 0.5 per cent 
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oxygen in soil air for survival but needed 2 to 8 per cent for TnayiTmiTY^ growth, 
depending on the species and conditions. The rate of oxygen supply was more 
important than the partial pressure per se in influencing the rate of growth. 
\Vheat germination was reported reduced by oxygen pressures of 5 per cent, 
the reduction going to 50 per cent of normal when the pressure was lowered 
to 1 per cent (61). Chang and Loomis (16) concluded from reviewing the litera¬ 
ture that plant roots woidd develop and function normally with 5 to 10 per 
cent oxygen maintained in soil gases and would survive at oxygen percentages 
as low as 1 to 2 . 

Cannon (15) found a close relation between the degree of aerobism of a species 
and the soil aeration of its native habitat. Bcuxharis viminea, Sdix laeiolepia, 
and other plants normally found in soils saturated with water part of the year 
were able to maintain root growth at the low concentration of 0.5 per cent 
oxygen m the soil atmosphere. No species that required a rdatively high per¬ 
centage of oxygen was found in such moist habitats. 

Certain swamp species have developed just as large root systems in con¬ 
tinuously saturated as in alternately saturated and drained soils (53). On the 
other hand, blueberries, although native to bogs, sometimes have shown injury 
from lack of oxygen (22). In experiments by Girton (25), orange roots stopped 
growing with 1.2 to 1.5 per cent oxygen and were retarded with 5 to 8 per cent 
at 28® C. Apple roots were observed (10) to need 10 per cent oxygen for good 
growth. They could exist with 0.1 to 0.3 per cent and would grow slowly with 
0.1 to 3.0, More oxygen is needed at higher temperatures t han at lower tempera¬ 
tures (14). The effect of lower oxygen levels is more pronounced at higher 
temperatures. Consequently, good aeration is essential for good crop growth 
throu^ hot weather. 

Excessive oxygen is sometimes toxic (35). In some tests it has decreased the 
size of bean and sunflower plants (37). The optimum oxygen requirement of 
soybeans has been reported to be lower than the oxygen level in normal atmos¬ 
phere, and higher concentrations have been reported to be toxic (35). Tomatoes, 
on the other hand, were found to thrive on twice a normal oxygen concentra¬ 
tion (23). 


HAEMTOL rOTLXTBNCE OF EXCESSIVE CO2 

Wollny ( 54 , 65) found that the CO 2 content of soil air would increase 10 
f impfl as the moisture content changed from 6.8 to 26.8 per cent. Granular soils 
were found to have less than half as much CO 2 as powdery soils. The relative 
amount of CO 2 in the soil air increases with an increase in depth and with den¬ 
sity and compaction of the soil ( 6 , pp. 267-287). The proportion of CO 3 de¬ 
creases with increase in number of large pores and ease of renewal of soil air. 

The CO 2 oxygen content of soil air will show wide variation within the 
pores of various soils, depending on soil conditions. Any soil properly resulting 
in large air capacily, such as granular structure, will result in lower CO 2 and 
hi^er oxygen. 

Thus the relation between soil, oxygen, and CO 3 content is somewhat reciprocal. 
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In poorly* aerated soils, decrease in oxygen content is accompanied by increase 
in CO 2 because the conditions that restrict diffusion and interfere with oxygen 
replenishment also restrict removal of CO 2 produced by roots and microorgan¬ 
isms. As a result, it is difficult to distinguish the relative effects of low oxygen 
and high CO 2 in a poorly aerated soil. 

Chang and Loomis (16) recognized this difficulty and stated it succinctly: 

Atmospheric oxygen is depended upon as an ultimate hydrogen acceptor in the res¬ 
piration of higher plants. We must assume, therefore, that soil or cultural aeration is 
beneficial at minimal oxygen levels because it replaces this element^ At the same time 
possible toxic accumulations of CO 2 are swept away. The problem, therefore, is one of 
Tnmimnm oxygen levels, maximum COj tolerance, and expected gas concentrations around 
the roots of plants growing in various environments. 

They found that bubbling CO 2 through water cultures for 10 minutes out of 
each hour reduced by 14 to 50 per cent the absorption of water by roots. The 
effect of CO 2 seemed to be on the water-absorption mechanism rather than on 
transpiration, a conclusion also reached by Kramer (34). 

The effect did not seem to be due to acidity, because adding H 2 SO 4 to bring 
the solutions to the pH reached with CO 2 had no effect on water absorption. 
Carbon dioxide treatment also reduced the absorption of five nutrients, the 
relative extent of the effect being in the order K>N>P>Ca> Mg. Potassium 
was even excreted from the roots of many plants treated with CO 2 . 

There is strong evidence of a direct toxic effect of CO 2 on both plant and 
animal protein (16, 29, 62). 

Chang and Loomis (16) concluded from studying the literature on reasons 
for the toxic effect of CO 2 that a combination of rapid penetration of proto¬ 
plasmic membranes; increases in cellular activity; and formation of specific, 
but weakly bonded, protein compounds is the best available explanation of 
CO 2 toxicity. This seems to imply the presence of a compound in living cells 
which becomes toxic above a threshold concentration. They suggested the 
formation of hydrogen-bond linkages on non-alpha-amino nitrogen which would 
allow a reversibility of toxic results as well as specific differences in CO 2 toxicity 
which have been noted. The fact that CO 2 increases the viscosity of protoplasm 
(21) indicates a possible effect on molecular structure. 

Cannon (15) reported threshold values of CO 2 concentration at 26 per cent 
for many roots. He foxmd willow growing in 46 per cent CO 2 and a normal 
oxygen level. Even with high oxygen levels, 20 to 30 per cent CO 2 was toxic to 
barley (35). For narcosis, 10 per cent CO 2 was minimum (43). Chang and Loomis 
(16) estimated that concentrations below 10 per cent CO 2 in soil gases were 
probably not hi^y toxic, whereas concentrations above 15 to 20 per cent were 
lethal to most plants. 

Chang and Loomis summarized the practical importance of CO 2 toxicity 
under three headings: (a) Plant roots vary in their sensitivity to CO 2 , (i>) typical 
soils are low in CO 2 and high in oxygen, (c) a hi^ concentration of CO 2 in the 
soil air depends on rapid production of the gas and a low rate of gas exchange. 
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They surmised that slightly toxic CX )2 concentrations of 10 to 12 per cent may 
be more frequently the cause of crop reduction on poorly aerated soils thnn are 
limiting concentrations of oxygen. 

ATOIDINQ TOOK ABKATION THEOTIQH SOIL MANAGEMENT 

Soils with clay in them must be so handled as to maintain enou^ large pores 
to provide adequate oxygen for roots and allow the escape of harmful amounts 
of CO 2 through diffusion. As pointed out by Baver (5), a clay soil will have a 
sufficient number of large pores to provide a satisfactory air capacity for plant 
growth if the soil is well granulated. Granules smaller than 0.5 mm. were found 
to have an air capacity of 2.7 per cent in contrast to 29.6 per eait for granules 
of 1.0 to 2.0 mm. (6). This means that practices which build good structure 
should be followed. Those which destroy structure should be avoided. 

Practices that increase aeration of heavy soils by mechanical loosening are 
g^erally considered not permanent. They often have been questioned because 
after their use on soils in poor physical condition, the structure soon has become 
compacted again. Developments in traction equipment that increase the effi¬ 
ciency and economy of operating such i^ecial tools as those designed to op^ 
tight lower layers may make such practices feasible under more general con¬ 
ditions. Such machines are worthy of intense research as to design and effec¬ 
tiveness. 

The effects of preparing too fine a seedbed are known. Soil structure deteriora¬ 
tion throu^ continuous row cropping with its attendant intense cviltivation 
is accepted as an honest generalization. Beneficial effects of plowing in com¬ 
parison with othCT ways of preparing land on some of the heavy soils in Iowa 
have been attributed to better aeration resulting from that method (9, 17, 36). 

Comparisons of the effects of plowing, hard-ground listing, subsurface tillage, 
and disking on the yield of com for 52 fields on 11 soil types in Iowa over a 3-year 
period showed that the average yields were significantly in favor of plowing 
(17). Results, however, showed considerable variation caused by differences in 
erosion, crops, climatic conditions, and past management. For ecample, the 
yidd on the hard-ground-listed plots was 1.2 bushels more than that on plowed 
plots on Mardxall silt loam in 1944. In 1945, yidds of com on plowed plots were 
4.2 bushels higher than those on hard-ground-listed land. 

Because com on land prepared by listing, disking, and subsurface tillage 
was lower-yidding than that on land prepared by plowing and showed nutrient- 
d^ciency symptoms, whereas com on plowed ground did not, fertilizer tests 
were made using fidd plot techniques (9). These showed increases for all the 
plots except those prepared by plowing. Suspecting the cause to be poor aera¬ 
tion, Lawton (36) tested the effect of aeration on the absorption of nutrients 
by com und^ different degrees of wetting and compaction. Increasing the soil 
moisture decreased the percentage of potassium, nitrogen, calcium, magnesium, 
and phosphorus in the com. Compacting Clarion soil decreased the percentage 
of potassium and phoi^horus in ihe com and increased the percentage of cal¬ 
cium, masmesium. and nitroeen. Padkine Qvde soil lowered the percentage of 
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potassium, magaesium, and calcium in plant tissue and increased the percentage 
of nitrogen and phosphorus. Plant gro'wth was reduced by every treatment that 
caused poor aeration of l^e soil. 

Use of organic matter and ridging of the rows greatly improved the aeration 
of sugar beet land on Brookston clay in northwestem Ohio (4). 

After reviewing various tillage experiments throu^out the country, Baver 
(5) concluded that plowing sod crops for com usually gave better jdelds than 
other methods of preparation. He admitted that any generalizations should be 
tempered with consideration of the kind of sod, sod, and climate. 

Cultivation destroys aggregation and reduces the number of noncapillary 
pores. This fact is so well known that docmnentation seems superfluous. Good 
examples of supporting data, however, are those of Jenny (30), Bradfield (11), 
and Swanson and Peterson (50). Direct applications of organic matter and the 
growth of grasses and legumes are possibly the most effective practical measures 
known for improving sod stmcture and aeration. Grasses are probably most 
effective for surface soils; deep rooted legumes, for subsoils. There is ample 
evidence of the beneflcial effects of such crops on sod aggregation and porosiiy. 
For example, data from the sod erosion experimental stations operated co¬ 
operatively by various states and the Sod Conservation Service universally 
show marked increases in the percentage of large water-stable aggregates and 
in infiltration capacity and decrease in surface runoff when organic matter is 
added or sod crops are used (7). Increases in a^regation or infiltration or both 
are good evidence of improved sod porosity. Typical of the data are those from 
Guthrie, Oklahoma: 

Runctff, percentage 
of prectpUation 


Continuous cotton. 14.22 

Cotton in rotation. 12.72 

Wheat in rotation. 13.93 

Sweet clover in rotation. 8.00 

Average of rotation. 11.6 


E^speriments with different cropping patterns on Marshall silt loam in south¬ 
western Iowa produced results which most likely are due in part to increased 
soil porosity®. Continuous com from 1931 to 1947 resulted in an average yield 
of 22.6 bushels, whereas a rotation of com-oats-red clover yielded an average 
of 81.8 bushels of com. Reporting the effects of 10 years of cropping at the same 
station, Johnston and colleagues (31) stated that aggregation was improved by 
cropping systems, the order of effectiveness of different crops being bluegraaa, 
clover, oats, rotation com, and continuous com. 

In Paulding County, Ohio, Nappanee silty clay loam went from a poroaty 
of 60 per cent to 51 (40). Page and Willard foimd that pore space and abroga¬ 
tion on these soils were limiting factors in plant growth. Poor physical con¬ 
ditions, which almost completely limited plant growth, were remedied by retum- 

* Report of studies at the soil conservation experimental farm, Page County, Iowa, for 
1948-1947. Iowa Agr. Exp. Sta. and Soil Cons. Serv. !Nfimeo. 88.1948. 
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ing organic matter regularly to the land and by introducing sod crops in the 
rotation. The greatest improvement resulted from deep-rooted l^ume and 
grass mixtures. 

The effectiveness of sod crops in increasing the porosity of heavy soils in 
northeastern Indiana was noted by the author in a recent tour of fnnrfa where 
good rotations had been adopted. Using the soil sampling tube and gug- 
pension test, developed by Hoffer (16) to locate compaction in the upper 18 
inches, the author found that wherever sweet clover or grasses or both had been 
grown the dense, compact plow sole common to the area had disappeared. The 
results were reflected in higher crop yields and by the fact that most of the 
fanners using good rotations had switched from fall to spring plowing, a practice 
which their neighbors did not believe could be followed. 

Knowledge of crop improvement through better varieties and proper fertiliza¬ 
tion is rapidly advancing. Many operators are applying this new knowledge, 
only to find their yields disappointing because of neglect of soil practices that 
ensure good structure and aeration in heavy soils. Better varieties and top 
fertilizer applications are ineffective where roots must grow in poorly aerated 
conditions. Effective diagnostic methods that help in quickly spotting com¬ 
paction and poor aeration have been devdoped by Hoffer (6, 27). By use of 
such techniques the farm operator can readily i^ot compaction and anaerobic 
conditions on his soil. To the best of our present knowledge the surest remedy 
for such conditions is a good crop rotation including a legume-grass mixture. 
Grass is very effective in promoting granulation of heavy surface layers. Deep- 
rooted legumes, such as sweet clover or alfalfa, are nee^ where the subsoils 
are tight. Whether the deep-rooted legumes alone are capable of keeping heavy 
soils in good physical concfltion is debatable. In Ohio a combination was foxmd 
best (40). There is no doubt that the man who uses a mkture of deep-rooted 
l^umes and grasses is not taking chances on his cropping system from the 
standpoint of its effect on the physical conditions of his soil. Such a cropping 
program will be effective only when used as a part of a complete soil manage¬ 
ment program in which adequate provision has been made for necessary drain¬ 
age, erosion control, liming, proper fertilization, and use of organic matter. 
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During the degradation in soil of nitrogenous organic residues to simple 
inorganic compotmds, a large share of the nitrogen must pass throu^ the amino- 
acid stage (6,11). Hence, it is of interest to determine the ability of plants to utilize 
amino acids singly or in combination as their sole source of nitrog^. 

The extensive early literature describing the utilization of oiganic nitro¬ 
genous compounds by plants has been reviewed by Hutchinson and MinAr ( 5 ) 
and by Brigham ( 2 ). They pointed out the necessity for performing experiments 
on the nitrogen nutrition of plants under aseptic conditions and which 

of the earlier reports were questionable because of failure to observe aseptic 
precautions. In these early experiments, a few amino acids in addition to a 
great variety of other organic nitrogenous compounds were tested as sources of 
nitrogen for plants. 

Following these papers, several other reports concerning the availability of 
amino acids for plant growth have appeared. Crowther (3) observed in nonaseptic 
experiments that both barley and white mustard grew better on glycine tbap on 
so^um nitrate, but other amino acids were inferior to nitrate. Tanaka (16) 
found that plantain, mustard, and “blue eyed grass” could use urea, 
acetamide, and glycine, but none was so effective as nitrate. "Vlrtanen and 
Linkola (19) reported that both the n and n forms of aspartic and glutamic adds 
are used by peas and clover; they are taken up intact by the plants, and if a^ar- 
tic acid, nitrate, and aixunonia are supplied together they are used simultane¬ 
ously. Wheat and barley, however, were unable to use aspartic or glutamic 
acids as nitrc^en sources. 

White (20) found that arginine, valine, proline, norleucine, tryptophan, 
alanine, and hydroxyproline when supplied singly depressed the growth of ex¬ 
cised tomato roots: hydroxyproline was the most inhibitory. Robbins and Mc- 
Vei^ ( 10 ) likewise found hydroxyproline particularly inhibitory to the growth 
of Tridiophyton mentagrophytes and certain other fimgi. Robbins and Schmidt 
(9) could not confirm White’s (20,21) observation of a stimulation of the growth 
of excised tomato roots when certain amino acids, notably glycine, were added 
to a basal medium containing nitrate. Audus and Quastel ( 1 ) have determined 
the influence of a variety of amino acids and other compounds on the growth of 
cress roots. All the amino acids tested, except alanine and glutamic acid, in¬ 
hibited root growth at 1,000 ppm. Studying the effect of 19 amino acids on growth 

^ The authors express their appreciation to H. B. Wahlin and Warren Smith, department 
of physics, for mass spectrometric analyses, and to P. W. Wilson for helpful suggestions on 
the preparation of the manuscript. The senior author is now with Gluconate Ltd., 115 
Prinsep St., Calcutta, India. 
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of orchid embryos under aseptic conditions, Spoerl (14) foimd that only L-argin- 
ine supported good growth of young embryos. Other amino acids inhibited 
growth, but older embrj'os could utilize aspartic acid. Steinbei^ (16) has ob- 
sen'edthat toxic effects also are induced in tobacco seedlings grown on a variety 
of amino acids. Particularly marked is a response to DL-isoleucine duplicating 
most of the sj-mptoms of frenching disease as encoimtered ia the field. No single 
amino acid supported as good growth as did the control medium containing 
nitrate and ammonium ions. Pratesi and Ciferti (8) observed that tobacco 
seedlings grew better with several single amino acids than with certain combina¬ 
tions of amino acids. 

At the time early studies on the use of organic nitrogenous compounds were 
made, many amino acids were not readily available. In the present work, the 
growth, under aseptic conditions, of tobacco, clover, and tomato seedlings and 
ChloreUa pyrenoidosa on a wide variety of amino acids was investigated. 

BXPEEIMENTAL PEOCEDUBES 

Plants were grown in plain cylindrical 1.5-quart milk bottles cont ainin g 500 
gm. of white silica sand and 75 ml. of nutrient solution with a given nitrogenous 
compound; no additional water or nutrients were supplied during the experi¬ 
ments. The basal nutrient solution (pH adjusted to 6 . 8 ) was: K 2 SO 4 , 0.0025 M; 
MgSOi, 0.002 M; Ca(H 2 P 04 )j, 0.005 if; CaS 04 , 0.002 If; FeSOi, 0.0001 JIf. 
An amount of a nitrogenous compound containing 3 mgm. N was added to each 
75 ml. of the basal nutrient solution. The bottles containing sand and nutrient 
solution were plugged with cotton and covered with tin cans (3.5 inches high, 
3 inches in diameter) to serve as dust shields; four holes 0.75 inch in diameter 
were punched in the sides of each can at a level below the cotton plug to permit 
free access of air to the bottle top. The bottles were sterilized with the cans in 
place by autoclaving for 2 hours at 121'* C. Compounds which might be damaged 
by heating, such as glutamine, potassium nitrite, hydroxylamine, and the oximes 
of a-keto acids, were sterilized by filtration through a Seitz type filter and added 
separately. 

The nitrc^enous compounds used were Merck products except for the fol¬ 
lowing: DL-serine, Gelatin Products Corp.; hydroxy-L-proline, Bios Laboratories; 
peptone, Difco Laboratories. Casein hydrolyzate was prepared by the method of 
Snell (13). The oximes of pyruvic, oxaJacetic, and a-ketoglutaric acids were 
prepared by addii^ 5 equivalents of the keto acid to 1 equivalent of hydroxyl- 
amine in aqueous solution; the solution as such was used as a source of oximes. 

Medimn red clover {Trifolium pratense), John Baer variety tomato {Lycoper- 
sicon esculentum Mill.), and Comstock Spanish variety tobacco {Nicotiana taba- 
eum) were used. The seeds were freed of microoi^anisms by immersion in 70 
per cent ethanol for 5 minutes, sterile-water rinse, immersion for 3 minutes in 
sodium hypochlorite solution with 3 per cent available chlorine, sterile-water 
rinse, immersion in 0.1 per cent HgCh solution for 1 minute followed by several 
rinses with sterile water. The seeds were treated at each stage in a vacuum desic- 
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cator; the air was evacuated and the vacuum then released to aid penetration of 
the disinfectants into the air pockets and under the seed coat. The tomato seeds 
were not treated with mercuric chloride, as this inhibited their germination; the 
immersion in sodium hypochlorite solution was lengthened to 5 minutes. 

The surface-sterilized seeds were transferred aseptically to moistened sterile 
blotters in petri dishes and incubated at 30“ C. until the clover and tomato seed¬ 
lings were about 10 mm. long and the tobacco seedlings 5 mm. Si^t clover, five 
tobacco, or five tomato seedlings were transferred aseptically to the culture 
bottles and gently pushed under the roughened surface of the sand with a sterile 
metal rod. When inoculated clover plants were included in the experiment, a 
suspension of RhizoUum trifolii (Wisconsin strain 205) was added only to the 
bottles designated as inoculated. 

The bottles containing plants were placed in the greenhouse in a randomized 
block design; in most experiments each block had six rows of six bottles. Each 
of 36 treatments had four replications; a replicate of every treatment was placed 
at random in each of the four square blocks. The plants were illuminated for 17 
hours a day. Daylight was supplemented with 200-watt Mazda lamps in re¬ 
flectors. The temperature was 70 to 75®r. 

After the plants had grown for 4, 6, or 8 weeks they were harvested, wadied 
thoroughly, rinsed with distilled water, and dried in an air stream at 65“ C. 
In addition to dry weights, the average total nitrogen per plant was detennmed 
as a measure of growth. The total nitrogen was determined on all the plants 
from one culture bottle by the semimicro-Kjeldahl method (17). After distilla¬ 
tion of the ammonia from the Kjeldahl flask, the residual sand in the flask was 
washed free of salts with distilled water, dried, and weired. The wei^t of this 
sand, which had adhered to the roots of the plants, was subtracted from the 
initial dry weight of the plants to establish the true dry wei^t. 

A few plant cultures were discarded because of the appearance of molds on the 
sand. At the time of harvest, the bottles were tested for contamination by inoc¬ 
ulating tubes of clear broth mediiun (0.3 per cent sucrose, 0.1 per cent beef 
extract, 0.1 per cent Bacto peptone) with samples of sand from 10 per cent of the 
cultures picked at random. The initial sterility of the entire system was tested 
by adding 200 ml. of the broth medium to bottles containing seedlings and 
incubating these and examining them for contamination. Every effort was made 
to maintain aseptic conditions, and the plugged bottles were not opened from 
the time of planting until harvest. The procedures employed were rather uni¬ 
formly successful in establishing a sterile environment for the plants, but it 
cannot be asserted that all microorganisms were excluded from all cultures. 

Pure cultures of CMoreJla •pyremidosa were grown with aeration (5 per cent 
COj in air) at 24“ C. on Myers’ (7) medium containing various nitrogenous 
compounds to replace the nitrate normally supplied. Each 50-ml. culture in a 
4-ounce bottle was supplied with 8 mgm. of nitrc^en. Wadied inoculum was 
used. After 8 days’ growth, the algal cells were washed by centrifugation and 
analyzed for total nitrogen. 
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RESULTS 

Utilization of nitrogenous compounds by dover 

Table 1 lists the average dry wei^t and total nitrogen (average of 32 plants 
pooled from four bottles) relative to clover plants grown on ammonia (the plants 
grown on ammonia are assigned a value of 100 for comparison with other treat* 
ments). Apparently a considerable number of single amino acids support rather 
good growth of young clover plants. Several amino acids were substantially 
better than nitrate or ammonia; alanine, asparagine, and glutamic acid were 
outstanding in this experiment. In other experiments, we have found ammonia 

TABLE 1 


Utilization of nitrogenous compounds by red clover grown under aseptic conditions 


KllBOOENOUS COMPOiniD 
SCFPUBS* 

D&Y Wi:XGST 
P£2 PIANT 

selauve to 

PXANTS 
GROWN ON 
AUUONZAf 

totaiN 

PER PLANT 
RELATIVE TO 
PLANTS 
GROWN ON 
AinCONIAt 

NRROGBNOUS COBIPOTJND 
SUPPUED 

DRY WEIGHT 
PER PLANT 
RELATIVE TO 
PLANTS 
GROWN ON 
AHUONUt 

totalN 

PER PLANT 
RELATIVE TO- 
PLANTS 
GROWN ON 
AUUONIAf 

No added nitrogen 

90 

36 

Inoculated 

92 

67 

Ammonium sulfate 

100 

100 

DL-isoleucine 

116 

77 

DL-a-alanine 

132 

145 

DL-leucine 

115 

86 

L>arginin6 

118 

126 

L-lysine 

144 

106 

L-asparagine 

153 

148 

Nitrate, calcium 

119 

128 

DL-aspartic acid 

98 

115 

Nitrate, sodium 

128 

109 

L-cystine 

63 

54 

DL'phenylalanine 

151 

96 

DL’glutamic acid 

152 

144 

DL-threonine 

97 

116 

Glycine 

122 

127 

DL-valine 

86 

94 

L-]^tidine 

141 

100 





* Medium red clover plants, eight to a bottle, were supplied 3 mgm. N, as the com¬ 
pound listed, in 75 ml. of nutrient solution. Plants were harvested 6 weeks after planting. 

t Plants grown on ammonium sulfate had 8.53 mgm. dry weight per plant and 0.272 
mgm. total N per plant. Data for total K are not corrected for 0.091 mgm. N supplied 
by each seed. 


and nitrate to be almost equally effective and to be surpassed only by arginine, 
asparagine, and ^ycine as nitrogen sources for growth of red clover. None of the 
amino acids at the level supplied was toxic to clover. 

Utilization of nitrogenous compounds by tomato 

Table 2 summarizes data on the growth of tomato plants supplied a variety 
of nitrogenous compounds. In the second experiment, the standard deviation 
at the mean for each treatment is given to indicate the magnitude of the dif¬ 
ferences among replicate bottles in experiments of this type. The five plants 
from each bottle were pooled and analyzed; the standard deviation is calculated 
from the analyses from the four replicate bottles for each treatment. 

Hydroxylamine and hydroxyproline killed the plants. The other nitrogenous 
compounds were not toxic, and many of them supported rather good growth. 


IL 
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TABLE 2 


Utilization of nitrogenous compounds by tomato plants grown under aseptic conditions 



EXmSlMENT 1 


EZPEBIUSNT 2 


NIXaOQENOUB COMPOUND 
ISTJPPUED* 

Dry 

weight per 
l^nt 
relative to 
plants 
grown on 
anunoniaf 

Total N 
per plant 
r^tive to 
plants 
grown on 
axnxnoniat 

Dry weight per 
plant and 
std. deviation of 
mean 

Dry 

wei^tper 
inant 
relative to 
plants 
grown (m 
anunoniaf 

Total N per plant 
and std. deviation 
of mean 

Total N 
per plant 
relative to 
plants 
grown on 
anunoniaf 

No added nitrogen 

57 

20 

mgm 

8.5 d= 0.17 

84 

rngm. 

0.151 d: 0.008 

30 

DL-a>alanine 

71 

74 

13.6 d= 1.37 

134 

0.686 rb 0.034 

134 

/3>alanine 

78 

89 

8.4 ± 1.53 

83 

0.378 rb 0.086 

74 

a-amino-n-butyric 

— 

— 

6.9 db 0.15 

68 

0.260 dr 0.017 

51 

acid 







Ammonium sul- 

100 

100 

10.1 ± 1.19 

100 

0.513 dr 0.036 

100 

fate 







L-arginine 

99 

87 

11.9 db 0.52 

118 

0.578 dr 0.013 

112 

L<asparagine 

69 

67 

11.8 0.52 

117 

0.579 dr 0.014 

112 

DL-aspartic acid 

100 

88 

11.9 dr 0.35 

118 

0.550 dr 0.051 

107 

Cysteine 

— 

— 

11.7 ± 0.83 

116 

0.343 rb 0.010 

67 

L-cystine 

95 

71 

12.6 db 0.80 

124 

0.371 ± 0.025 

72 

DL-glutamic acid 

101 

74 

17.6 ± 0.53 

173 

0.579 rb 0.016 

112 

li-glutamic acid 

113 

77 

16.5 d= 0.87 

163 

0.576 rb 0.030 

112 

Glutamine 

— 

— 

10.3 =fc 0.25 

102 

0.542 dr 0.008 

106 

Glycine 

112 

101 

13.5 rfc 0.37 

133 

0.490 dr 0.006 

95 

L-histidine 

111 

81 

14.2 db 1.40 

140 

0.519 dr 0.017 

101 

PL-isoleucine 


— 

7.6 db 0.68 

74 

0.233 ± 0.010 

46 

DL-leucine 

65 

51 

10.8 rfc 0.98 

107 

0.300 d; 0.033 

60 

L-leucine 

103 

67 

9.3 dr 0.96 

92 

0.232 ± 0.018 

45 

L-lysine 

88 

67 

12.4 dr 1.09 

122 

0.331 ± 0.015 

65 

DL-methionine 

64 

39 

9.8 dr 0.93 

97 

0.281 db 0.012 

55 

Nitrate, calcium 

136 

118 

15.8 db 1.44 

156 

0.518 ± 0.(^ 

101 

Nitrite, sodium 

— 

— 

14.2 dr 1.69 

140 

0.621 dr 0.028 

121 

DL-norleucine 

— 

— 

6.1 dr 1.25 

60 

0.220 d: 0.003 

43 

Oxime, a-keto- 

— 

— 

10.3 dr 0.79 

101 

0.148 d: 0.017 

29 

glutaric acid 





0.150 d; 0.032 


Oxime, oxalacetic 

— 

— 

8.4 ± 0.72 

83 

29 

acid 






27 

Oxime, pyruvic 

— 

— 

6.5 rb 0.65 

64 

0.137 dr 0.006 

acid 






42 

UL'phenylalanine 

— 

-- 

6.6 dr 0.58 

65 

0.214 dr 0.013 

ir-proline 

DL-serine 

— 

— 

11.4 dr 1.50 

113 

0.530 dr 0.034 

103 

— 

— 

5.9 dr 0.41 

58 

0.300 d: 0.032 

59 

nii-threonine 

69 

82 

9.9 dz 1.67 

98 

0.384 d: 0.068 

75 

nir-tryptophane 

— 

— 

7.0 dz 1.03 

69 

0.207 dr 0.020 

40 

L-tyrosine 

— 

— 

7.0 dr 0.56 

69 

0.166 dr 0.012 

32 

DL-valine 

— 

— 

6.7 dr 0.89 

66 

0.209 d: 0.006 

41 

Urea 

— 

— 

12.4 dr 0.86 

122 

0.510 dr 0.015 

101 


* John Baer variety tomato plants, five to a bottle, were supplied 3 mgm. N, as the 
compound listed, in 75 mL of nutrient solution. Plants were harvested 6 weeks after planting. 

t Plants grown on ammonium sulfate had 16.90 mgm. dry weight per plant and 0.631 
mgm. total N per plant. Data for total N are not corrected for 0.043 mgm. N supplied by 
each seed. 
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The inoi^anic salts, ammonium sulfate, calcium nitrate, and sodium nitrite, 
effectively supplied nitrogen for growth. The best organic nitrogen sources were 
alanine, asparagine, arginine, aspartic acid, glutamic acid, glutamine, glycine, 
histidine, proline, and urea. Althou^ hydroxylamine was detoxified by conver¬ 
sion to oximes, the oximes apparently were not assimilated, for the plants fur¬ 
nished oximes had less nitrogen than plants receiving no added nitrogen. The 
toxicity of hydroxyproline is interesting in view of its induction of abnormal 
growth in tobacco (15). Since with the tomato the variation between runs in the 
order of most suitable sources of organic nitrogen is almost as great as the varia¬ 
tion between clover and tomato plants, it is concluded that althou^ the two 
species of plants differ in their response to certain amino acids, their over-all 
response is reasonably similar. 

UiUizaiion of nitrogenous compounds by tobacco 

Table 3 reveals that the inorganic sources of nitrogen, ammonda, nitrate, and 
nitrite, are far superior to any of the organic nitrogenous compounds. Not only 
does the tobacco plant use the organic compoimds less effectively than do clover 
or tomato plants, but many more of the compounds inhibit the growth (but not 
nitrogen assimilation) of the tobacco plant compared to the control without 
added nitrc^en. Alanine, arginine, asparagine, cysteine, ^utamine, histidine, 
proline, and urea support reasonably good growth. The amides and urea can be 
considered as ready sources of ammonia. The mixture of amino acids and amino 
acids plus peptides represented by casein hydrolysate and peptone supported 
fair growth, but less than that of several of the single amino acids and amides. 
Hydroxyproline suppressed all growth, as it did with tomato plants. The toxicity 
of aspartic acid was not observed, however, on plants other than tobacco. 

Whereas clover and tomato utilized a variety of nitrogenous compounds in a 
rather similar manner, tobacco plants showed a strikin^y different response 
from the other two species. Glutamic acid, aspartic acid, glycine, and the leucines 
were much poorer sources of nitrogen for tobacco than for the other plants 
tested. 


Utilisation of nitrogenous compounds by algae 

The gre^ alga ChloreUa pyrenoidosa grown in liquid aerated culture did not 
utilize the following compounds: nir-methionine, L-ly^e, DL-leucine, n-leucine, 
DL-norleucine, nn-glutamic acid, DL-seiine, DL-threonine, DL-phenylalanine, hy¬ 
droxylamine, and the oximes of a-ketoglutaric, oxalacetic, and p 3 nruvic acids. 
Table 4 lists the percentage utilization of the nitrogen from the other compounds 
tested. The preference for ammonia and urea compared to nitrate is interesting 
as is the very poor utilization of nitrite. Hydroxyproline, which is toxic for 
tomato and tobacco plants, was about as effective as nitrate for the nutrition 
of the al^ae. Whereas a-alanine is a good source of nitr<^en, /3-alanine is used very 
poorly. 
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TABLE 3 


Utilization of nitrogenous compounds by tobacco plants grown under aseptic conditions 


NITSOGENOUS COMPOUIID 
SUPPLIED* 

DRY ■WEIGHT 
PEE PLANT 
BELATIVE TO 
PLANTS 
GROWN ON 
AMMONlAf 

TOTAL N 
PEE PLANT 
RELATIVE TO 
PLANTS 
GROWN ON 
AMMONIAt 

NITROGENOUS COMPOUND 
SUPPLIED 

DRY WEIGHT 
PER PLANT 
RELATn-E TO 
PLANTS 
GROWN ON 
AMMONlAf 

TOTAL N 
PER PLANT 
RELATIVE TO 
PLANTS 
GROWN ON 
AMMONlAf 

No added nitrogen 

8 

3 

Nitrate, calcium 

136 

106 

DL-a-alanine 

27 

46 

Nitrite, sodium 

01 

_ 

j3-Alanine 

3 

7 

DL-norleucine 

6 

4 

Ammonium sulfate 

100 

100 

Peptone 

19 

38 

L-arginine 

27 

47 

DL-phenylalanine 

14 

15 

L-asparagine 

31 

49 

L-proline 

24 

40 

DL-aspartic acid 

No growth 

— 

DL-serine 

4 

9 

Casein hydrolysate 

19 

33 

DL-threonine 

4 

7 

Cysteine 

25 

32 

DL-tryptophane 


4 

L-cystine 

14 

20 

L-tyrosine 

12 

17 

DL-glutamic acid 

11 

18 

DL-valine 

4 

5 

L-glutamic acid 

3 

9 

Urea 

24 

33 

Glutamine 

30 

42 



1 

Glycine 

7 

9 




L-histidine 

26 

36 




L-hydroxyproline 

No growth 

— 




DL-isoleucine 

5 

10 



1 

DL-leucine 

3 

4 



1 

L-leucine 

4 

4 



1 

L-lysine 

18 

24 



1 

DL-methionine 

4 

— 



1 

1 


* Comstock Spanish variety tobacco plants, five to a bottle, were supplied 3 mgm. N, as 
the compound listed, in 75 ml. of nutrient solution. Plants were harvested 6 weeks after 
planting. 

t Plants grown on ammonium sulfate had a dry weight of 17.3 mgm. per plant and a 
total N content of 0.62 mgm. per plant. Data for total N are not corrected for 0.003 mgm. 
N supplied by each seed. 


TABLE 4 

Utilization of nitrogenous compounds by Chlorella pyrenoidosa 


miROG ENOUS COMPOXTKD 
SUPPUED 


L>arginine 

Glutamine 

Cysteine 

L-asparagine 

Ammonium sulfate 

L-proline 

DL-a-alanine 

Urea 

L-glutamic acid 
DL-isoleucine 


N ASSnOIATION SELA> 
TIVE TO ABOfONIA* 


164.0 

138.8 

127.5 

108.4 

100.0 

77.4 

75.5 

72.8 
67.0 

61.9 


KmooENons compouio) 

SDPFIZED 


Nitrate, calcium 
L-hydrox 3 "proline 
DL-aspartic acid 
Glycine 
DL-valine 

a-amino-n-butyric acid 

j8-alanine 

Nitrite, sodium 

Dii-tryptophane 

ir-histidine 


N ASSDai.\T10N SEIA- 
UVE TO AMMONIA* 


61.2 

54.2 
33.0 

12.2 

4.4 

2.4 
1.6 
0.9 
0.9 
0.5 


* The 50-ml. cultures on ammonia assimilated 4.4 mgm. N. 
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Utilization of nitrogenous compounds plus by red clover 

As certain amino acids are poorly utilized or are toxic, the question arises 
whether they will suppress the utilization of a good source of nitrogen, such as 
ammonia, when supplied together with it. Another question to be answered is 
whether, after initiation of substantial growth on a good source of nitrogen such 
as ammonia, the plant will use compounds which by themselves are poor sources 
of nitrogen. To investigate these points, plants were set up as described before, 
except that 2 mgm. of nitrogen as ammonium sulfate enriched with and 2 
mgm. of nitrogen as other compounds were placed in each bottle. Harvests 
were made at 4, 6, and 8 weeks, and the dry weight, total nitrogen per plant, 
and atom per cent of the plants were determined. By using N^Mabeled am¬ 
monia, it is possible to find what fraction of the plant nitrogen originates from 
the ammonia supplied. The normal nitrogen comes from the seed, from traces 
of combined nitrogen contaminating the sand, or from the unlabeled nitrogenous 
compound furnished. In table 5 are recorded the dry weights and total nitrogen 
for the plants harvested at intervals and calculated values for the percentage 
nitrogen arising from ammonia, seed, or other compounds. The values for per¬ 
centage nitrogen derived from each source are calculated in the following manner: 
The atom per cent excess found is divided by 6.75 (atom per cent excess of 
ammonia supplied); this multiplied by 100 gives the percentage of the total 
nitrogen of the plant supplied by the ammonia. The assumption then is made 
that all of the nitrogen of the seed is assimilated by the plant, althou^ this 
assumption is not entirely warranted, as is obvious from some of the data. As 
the average clover seed contained 0.091 mgm. nitrogen, 0.091 is divided by the 
total nitrogen per plant to find the percentage of the total nitrogen furnished by 
the seed. The sum of the percentage nitrogen from ammonia and the percentage 
nitrogen from the seed is subtracted from 100. This difference is attributed to 
nitrogenous compoimds other than those supplied by the seed or as isotopically 
labeled ammonia. The value for percentage nitrogen from “other compounds,’' 
which includes contaminating nitrogenous compounds in the sand as well as the 
unlabeled compound supplied, is a minimum value, and the value for nitrogen 
derived from the seed is a maodmum value. Althou^ the calculated amounts of 
nitrogen from seed and “other compounds” are not absolute, they serve for 
comparative purposes. 

The data show marked variability in dry weights but more uniformity in 
nitrcgen assimilation by clover supplied a wide variety of nitrogenous compounds 
plus ammonia. This general level of nitrogen assimilation corresponds closely 
to that observed on ammonia alone. The results suggest that, given a choice of 
ammonia and an organic source of nitrogen, the plants use the ammonia in 
preference to the organic source of nitrogen, or, alternatively, that the presence 
of ammonia enhances the use of compoimds poorly assimilated in its absence. 
Few of the amino acids inhibit the utilization of ammonia. 

Althou^ the ammonia supplied contained 6.75 atom per cent excess, 
the plants famished ammonia alone contained an average of 4.26 atom per cent 
excess after 4 weeks. This indicates that the plants obtained about 37 per 
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cent of their nitrogen from their seeds and contaminating compounds in the 
sand and 63 per cent from the ammonia supplied. All other plants had a choice 
of unlabeled nitrogen from their seeds and from an added nitrogenous compound 
plus isotopically labeled ammonia. None of these plants had as lii gh levels 
as had the control plants supplied with ammonia only; this indicated that they 
obtained a higher percentage of their nitrogen from the unlabeled sources 
did the ammonia controls. 

In general, the nitrogenous compounds previously shown to be most suitable 
for the nutrition of clover yielded plants with the lowest per cent N^® excess. 
Usually the concentration of N^® in the plants increased with time, and the per¬ 
centage nitrogen derived from the seed was highest at the first harvest. This 
observation is interpreted to mean that the first nitrogen used by the plant is 
the nitrogen reserve in the seed, and when this is exhausted, the plant uses 
ammonia and builds up its N^® content. In some instances when the N^® level was 
high at the first harvest, it decreased at subsequent harvests (ammonia ap¬ 
proaching exhaustion and other added nitrogenous compounds being used), 
whereas when it was low at the first harvest, it usually increased at later harvests 
(uptake of ammonia continuing actively). Another point of interest is that the 
inoculated plants had a high level of N^®. Apparently their fixation of nitrogen 
was suppressed by ammonia, and their nitrogen came chiefly from the seed and 
from ammonia. 

The dry weights of plants grown on oximes were very high, but their assimila¬ 
tion of nitrogen was in the same range as that of plants on most of the other 
nitrogenous compounds. The consistent decrease in N“ with periodic harvesting 
suggests that oxime nitrogen was utilized. Even with a maximum allowance for 
nitrogen from the seed, a substantial utilization of oxime nitrogen still is indi¬ 
cated. During the relatively long period of the experiment, it is possible that 
the oximes decomposed to 3deld compounds other than hydroxylamine which 
were assimilated. Segal and Wilson (12) showed that hydroxylamine decomposes 
slowly to ammonia and other products which Azotobacter vinelandii can as¬ 
similate. 

Although ammonia was used to supply a substantial part of the nitrogen for 
the clover plants under all conditions tested, nevertheless, all but a few of the 
other nitrogenous compounds supplied a share of the nitrogen to the plant in the 
presence of ammonia. 

Utilizaiion of nitrogemus compounds plus by tobacco 

Tobacco is somewhat more suitable than clover for testing the competition 
between ammonia and other nitrogenous compounds, for the reserve of nitrogen 
in the seed is smaller. Data from tests with tobacco are summarized in table 6. 
The following compounds were toxic or supported such poor growth that insuf¬ 
ficient material for isotopic analysis was produced: a-amino-n-butyric add, 
DL-aspartic add, hydroxylamine, L-hydroxyproline, DL-methionine, and the ox¬ 
imes of o£-ketoglutaric, oxalacetic, and pyruvic adds. When amm onium sulfate 
only was furnished, the plants had about 6 atom per cent N^® excess. Few of the 
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TABLE 6 

Utilization of nitrogenous compounds plus by tobacco plants 


CALCULATED % 

TOTAL N DERIVED FROM 

OTHER COMPOUNDS 

t 

oo 

B. P. GHOSH AND E. H. BTJERIS 

>«i-<t-ot-os>c<)e4 ooo5csoo«oc«oe»-^e<i 

cn 

t 

92.6 

59.7 

55.3 
8.4 

12.3 
60.1 
50.6 

58.1 

44.1 

60.4 
52.3 

69.5 

65.1 

33.2 

64.1 
44.9 
63.0 

55.3 

41.2 

61.6 

45.1 

46.5 

52.8 

i 

90.0 

48.1 

37.2 
11.6 

4.7 

49.4 
44.0 
62.6 
44.0 

49.1 

46.0 

46.9 

54.4 

46.3 

45.9 

53.6 

32.7 

46.1 

45.7 

36.8 

40.3 

45.8 

54.4 

53.8 

pf 

§!z; 
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oa 

•g 

00 
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m 

•g 
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86.7 
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48.6 
41.0 

54.4 

34.6 
47.0 

39.7 

42.4 

64.3 

46.0 

53.8 

46.5 

44.3 

67.5 
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62.9 

46.4 
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1 

No added nitrogen. 

DL-a-alanine. 

/5-alanine. 

Ammonium sulfate, 2 mgm.K. 

Ammonium sulfate, 4 mgm.lf. 

L-arginine. 

L-asparagine. 

Casein hydrolyzate. 

Cyat^e. 

DL-glutamic acid. 

li-glutamio acid. 

Glutamine. 

Glycine. 

L-iistidine. 

DL-isoleucine. 

DL-leucine. 

ndeucine. 

L-lysine. 

Nitrate, calcium. 

Nitrite, sodium. 

Dii-norleucine. 

Peptone. 

DL-phenylalanine. 

L-proline. 

DL-serine. 
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other treatments (isoleucine, norleucine, tyrosine) yielded plants with over 4 
atom per cent excess. As the tobacco seed furnished very little nitrogen, 
it must be assumed that these low levels of resulted from use of the nitrogen 
from the added organic nitrogenous compounds. The calculations summarized 
in table 6 indicate that usually one third to one half of the nitrogen came from 
the unlabeled nitrogenous compoimd supplied and about one half from the 
labeled ammonia furnished. Although, in general, ammonia appears to be super¬ 
ior to the other nitrogenous compounds, this superiority is not striking even at 
the first harvest. Frequently, however, plants from treatments with high level 
of at the first harvest had lower levels at subsequent harvests. 

TABLE 7 


Effect of pyruvate on the utilization of nitrogenous compounds 


COMPOUNDS SUPPUED* 

CLOVER 

TOMATO 

TOBACCO 

Dry weight 
per plant 

Total N 
per plantf 

Dry weight 
per plaDt 

Total N 
per plantf 

Dry weight 
per plant 

Total N 
per i)lantt 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

No added nitrogen. 

7.7 

0.10 





No added nitrogen -1- pyruvate . 

5.4 

0.09 



0.9 


Ammonium sulfate. 

8.5 

0.27 

10.2 

0.51 



Ammonium sulfate pyruvate. 

12.4 

0.38 

13.1 

0.54 



Hydroxyproline. 

4.3 

0.20 



No growth 


Hydroxyproline -f- pyruvate.. ., 

5.1 

0.28 



No growth 


Isoleucine. 

9.9 

0.21 

7.7 

0.23 

0.9 

0.062 

Isoleucine + pyruvate. 

6.4 

0.25 

7.6 

0.31 

0.4 

0.021 

Methionine. 


0.12 




0.024 

Methionine + pyruvate. 


0.10 




0.030 

Tr3T)tophan. 


0.12 




0.027 

Tryptophan pyruvate.1 


0.11 




0.037 


* Plants were supplied 3 mgm. N, as the compound listed, plus or minus 0.214 millimoles 
sodium pyruvate in 75 ml. of nutrient solution. Plants were harvested 6 weeks after 
planting. 

t Data for total nitrogen are not corrected for nitrogen furnished by the seeds. 

Effect of pyruvic acid on vMUzation of nitrogenous compounds 

Hutchinson and Miller (4) were unable to demonstrate any enhanced as- 
rimilation of ammonia when glucose was added to their aseptic cultures of peas. 
To determine whether the presence of an a-keto acid influences the utilization 
of nitrogenous compounds, plants were grown in the usual manner with 3 mgm. 
of nitrogen and with or without 0.214 millimoles of sodium pyruvate (equivalent 
to the nitrogen) supplied to each bottle. The results of the few tests made are 
summarized in table 7. The addition of pyruvate enhanced the growth of red 
clover and tomato on ammonia, although the amount of nitrogen taken up by the 
tomato plants was not increased appreciably. In absence of added nitrogen, the 
effect of pyruvate was inhibitory. It increased the growth and nitrogen assimila¬ 
tion of clover on hydroxyproline; and it inhibited growth of clover and tobacco. 

















PLANT USE OP NTTEOGENOUS COMPOUND 


201 


stimulated nitrogen as sim ilation by clover and tomato, and inhibited nitrogen 
assimilation by tobacco on isoleucine. 

DISCUSSION 

XJn< 5 [uestionably, clover and tomato plants can use a wide variety of organic 
nitrogenous compounds, and a marked similarity exists in their prrferences for 
particular compounds. Tobacco is distinctly different in its preference for par¬ 
ticular nitrogenous compounds and is much more sensitive to amino acids. 
Perhaps this difference is in part referable to the amount of reserve material 
in the seeds of tomato and clover compared with tobacco seeds. This also is 
suggested by the fact that certain of the amino acids, for example, glycine, 
j8-alanine, DL-leucine, L-leucine, serine, threonine, and valine, whdch did not 
support good growth of tobacco (table 3) were used rather well when the plants 
were supplied ammonia in addition (table 6). Spoerl (14) observed that young 
orchid embryos, with virtually no reserve material, used only arginine among 19 
amino acids tested, but older embryos could use aspartic acid also. The limited 
data permit no generalization, but apparently plants with seed reserves suflGicient 
to get them well established use a greater variety of organic nitrc^enous com¬ 
pounds than do plants with limited reserves. 

Whereas inorganic nitrogen is much more effective than organic nitrogen for 
tobacco, certain organic compoimds were found in some of our experiments to be 
superior to ammonia and nitrate for the nutrition of tomato and clover. This 
result suggests that direct assimilation of amino acids in soil under field conditions 
may be of importance in the nitrogen economy of plants. Vickery’s (18) state¬ 
ment regarding the role of ammonia and nitrate appears rather extreme: “Few 
if any other forms of nitrogen can be utilized by the plant at all unless trans¬ 
formed into one or the other of these during the process of assimilation.” 

The question whether this direct assimilation of amino acids occurs in the 
presence of ammonia has been at least partly answered by the experiments with 
N^®-enriched ammonia. Isotopic analyses of plants grown in the presence of 
and unlabeled amino acids are somewhat confused by the normal nitro¬ 
gen supplied by the seed, but the results, in general, support the \dew: (a) in 
the earliest stages of growth the plant preferentially utilizes nitrogen from the 
seed; (6) as this reserve approaches exhaustion, the plant is dependent upon 
external sources of nitrogen and uses ammonia in preference to amino acids; (c) 
when the ammonia is depleted, the plant is forced to utilize the amino acids if 
it is to achieve further growth. Of course, there is no rigid division between these 
various stages; although the stages overlap, they seem broadly to represent the 
changes in the sources of nitrogen used by the plants. 

It is recognized that the technique employed in these experiments is open to 
certain criticisms. The simple methods used were chosen to allow tests on a wide 
variety of substances, to remove the necessity for opening the culture bottles 
during the experiment, and to ensure conduct of the trials under bacteriologically 
controlled conditions. To achieve these objectives, we used methods that re¬ 
sulted in a restriction of nutrient and water supply and in time of growth. The 
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considerable difference in the percentage nitrogen of plants from the various 
treatments suggests that all the amino acids absorbed may not have been readily 
assimilated but merely stored as such. If so, the data for dry weight as well as 
total nitrogen should be used as a measure of the effectiveness of the compounds. 
Another possible limitation or objection to the experiments is the restriction in 
the CO 2 supply to the plants. In a cotton-stoppered bottle the gas exchange 
may be so duggish that CO 2 , rather than the source of nitrogen, may limit the 
growth of the plants. This factor is more important as the plants become larger. 
The occasional stimulation induced by the addition of pyruvate suggests, for 
example, a possible limitation in the carbon supply. 

Future work should probably concentrate upon intensive study of those 
compounds shown in this survey to be readily assimilated. In such studies 
attempts should be made to overcome the objections just discussed so as to grow 
plants to maturity under aseptic conditions. It would also be valuable to de¬ 
termine the relative use of ammonia (or nitrate) and various organic nitrogenous 
compounds in larger plants in which the influence of the nitrogen from the seed 
is minimized. 


SUMMARY 

Clover, tobacco, and tomato plants were grown aseptically to an age of 4 to 
8 weeks on a variety of nitrogenous compounds. CMorella pyrenaidosa also was 
tested for its ability to use these substances. 

Clover and tomato showed considerable similarity in their response to organic 
nitrogenous compoimds, and a number of amino acids supported excellent growth. 
Tobacco was much more sensitive to amino acids, and several inhibited the 
plant’s growth. Organic nitrogen was not so effective as ammonia and nitrate in 
supporting growth of tobacco, but several amino acids supported more rapid 
growth of CMorella pyrenoidosa than did nitrate and ammonia. 

When ammonia labeled with and a single amino acid were supplied to¬ 
gether to tobacco and clover plants, all the cultures assimilated ammonia readily, 
but many of the amino acids also were used. Most of the amino acids that did 
not support good growth Alone were not toxic, since plants supplied- these amino- 
acids plus ammonia grew rather well. 

Analysis for the content of clover and tobacco plants simultaneously 
furnished and single amino acids indicated that usually the plant ini¬ 

tially uses its reserve of seed nitrogen, then uses ammonia, and finally uses the 
nitregen from the amino acids. 
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effect of materials absorbed from the atmosphere in 

MAINTAINING SOIL FERTILITY 
G, INGHAMi 

African Evplorivea and Chemical Indtutriee 

Reodred for publication January 7,1950 

Despite the progress made in agricultural science in the last 100 years, much 
is still obscure even in regard to so fundamental a question as that of soil fertility. 
Fertility is commonly believed to be inherent in the soil, limited in amount, and 
subject to exhaustion by croppmg. As the amount of plant food r^noved by a 
crop is easily measurable and as the composition of the soil itself is knomi, a 
•simple calculation would suffice to determine how long present stocks of plant 
nutrients would last. If the nitrogen content of a given soil, for instance, is 
to be 0.1 per cent and total phosphorus 0.03 per cent, these two elements, which 
are generally the limiting factors in crop production, would be exhausted in 
little more than a sin^e generation. 

That this conclusion would be quite erroneous is shown by the classical long¬ 
term experiments at Rothamsted (6). The nitrogen content of the unmanured 
plot 3 (Broadbalk field), to a depth of 9 inches, was about 0.1 per cent in 1865, 
and it was still about 0.1 per cent in 1936 althou^ in the interim 70 crops of 
wheat containmg 2,100 pounds of nitrogen had been removed and an appreciable 
amoimt of nitrate (estimated at 15 pounds per acre per annum) had been lost 
in the drainage water. Obvioudy cropping has not exhausted the soil or even 
reduced appreciably its content of plant nutrients. 

The same conclusion can be drawn from the fact that the natural vegetation 
of the South Mrican veld or the prairies of .America has persisted for thousands 
of years, giving sustenance to counties millions of large and small animals, and 
yet when the early settlers took possession they found, not a sterile desert, but 
a fruitful virgin soil. 

Hall (3) reported that the Geescroft field at Rothamsted, unmanured and with 
no plants on it capable of fixing nitrogen, had gained in 20 years a condderable 
quantity of nitrogen, amounting to at least 25 pounds per acre per annum. .An¬ 
other example of the same kind is afforded by the redwood trees (Sequoia) of 
California, which not only have existed but have continued to grow for 2,000 
or more years, without ediausting the soil or showing any sign of suffering from 
plant-food deficiencies. 

All these examples point to the condufflon that some factor must be present 
by means of which actual additions of plant food are made continuously to the 
soil, replacing what has been removed by cropping and sufficient in absence of 
erosion to Tr> fl.int.«.in fertility at a satisfactory level for an indefinite period 

• 

^ ThanlsB are due to the chief, Division of Chemical Services of the Department of Agri¬ 
culture, Pretoria, and to African Explosives and Chemical Industries, Natal, for facilities 
afforded in carrying out the experimental work on which this report is based. 
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A factor of this kind was believed to have been found in the fixation of nitrogen 
by microorganisms, but such a belief has proved illusory because the fixation of 
nitrogen depends on certain well-defined conditions which, outside the laboratory, 
are rarely fulfilled. One of these conditions is that the soil must be free from 
available nitrogen, since the presence of small quantities of amm onia or nitrate, 
for example, 10 ppm., is sufficient to inhibit fixation by the Azotobacter organism. 
Furthermore, fixation of nitrogen by microorganisms involves the destruction 
of 100 poxmds organic matter (carbohydrates) for every pound of nitrogen fixed. 
In a very short time, therefore, the whole of the soil organic matter would be 
destro 3 "ed and further fixation would come to an end. 

It is concluded, therefore, that nitrogen-fibdng organisms contribute little to 
maintaining the nitrogen levd of the soil. In any case, these orga nisms are not 
credited with being able to “fix’’ phosphorus, which is equally necessary and is 
even more liable than nitrogen to become exhausted in comparatively few 
years. 

In search for the missing factor referred to above, attention was turned to 
a theory of Liebig’s which has a bearing on the problem and which, although 
long ago discredited, is well worthy of re-examination. Liebig asserted that the 
nitrogen content of the soil was maintained by additions of ammonia in rain 
water and also as a result of adsorption from the air by the organic and inorganic 
colloids in the surface soil. The amount contributed by rain is about 5 pounds 
per acre in South Africa with a rainfall of 30 inches and may be as high as 12.8 
pounds per acre in Ceylon with a rainfall of 110 inches. These amounts, although 
small, are definite and, in fact, offer a partial solution of the problem. 

That the organic colloids consisting largely of cdlulose may also play a part 
by adsorbing ammonia from the air is more difficult of proof. Because such 
organic matter already contains nitrogen which is subject to complex trans- 
foimations in the soil due to the activities of ammonifying, nitrifying, nitrogen- 
fixing, and denitrifying organisms, it seems impossible to distinguish between 
the nitrogen obtained in these ways and that which might have been adsorbed 
from the air. 

In the following experiments the difficulty was overcome by using at first 
pure cellulose, as typical of the soil organic matter, but treating it apart from 
the soil and in an air-dry condition- The amounts of ammonia, nitrate, and 
phosphoric oxide adsorbed from the air by pure, dry cellulose were determined 
by the methods of analysis given. 

METHODS OF ANALYSIS 

Ammonia nitrogen was determined by distillation uith magnesia and nessler- 
ization. After all ammonia had been distilled off, nitrate nitrogen was determined 
by addition of Devarda’s alloy and by distillation and nesslerization as before.. 
To determine the d^ee of accuracy to be expected in the estimation of small 
amounts of nitrogen, 13 different aliquots of a standard solution of NH 4 CI con¬ 
taining 10 ppm. nitrogen were distilled as above. The mean value of ammonia-N 
found was 9.5 ppm,, standard deviation of mean 0.386, and standard error 0.107.. 
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Phosphoric oxide was estimated colorimetrically by a modified Denigte method 
and the degree of accuracy determined from 10 different aliquots of a standard 
solution containing 10 ppm. of PaOg. The mean value found was 9.8 ppm., stand-- 
ard deviation 0.70, and standard error 0.22. 

EXPERIMENTAL 

A convenient form of pure cellulose for experiment was found in 12.5-cm, 
Whatman filter papers Nos. 41 and 50, which are described as acid-washed and 
which contain no nitrogen or soluble mineral matter. Before use these papers 
were washed in several changes of ammonia-free distilled water and then dried 
at room temperature. The dry papers were put in steel clips (three in a clip) 
and suspended in air, freely exposed to the breeze but protected from rain. 
After 1 to 7 days, the papers were again washed in several changes of ammonia- 
free distilled water and the washings distilled with magnesia until all ammonia 
had passed over into the receiver. The ammonia-N was determined by nessleri- 
zation and calculated as parts per million of the weight of the filter papers and 
also as milligrams per 1,000 sq. cm. of surface. The amounts adsorbed for 1, 2, 
3, and 7 days respectively were as follows, the figures representing the mean of 
10 experiments in each case: 



1 DA¥ 

2 1>AYS 

3 DAYS 

7 DAYS 

NH4-N adsorbed, ppm.. 

35 

52 

64 

94 

NH4-N adsorbed, mgni./sq. cm. 

0.15 

0.23 

0.28 

0.41 



The greatest amount was adsorbed in the fitrst 24 hours, after which there was 
further adsorption but at a diminishing rate. 

After use in these experiments, the same papers were dried and subiected 
to numerous further experiments of the same kind with approximately the same 
results. 

It appears, therefore, that cellulose containing no nitrogen may nevertheless 
serve as a source of nitrogen to plants by alternately adsorbing ammonia from 
the air and transferring it to the soil by the agency of rain. Such “fixation” of 
nitrogen has no thing to do with microoigamsms, which althou^ doubtless pres¬ 
ent are unable to function under the conditions of the experiment. 

The following experiments were devised to show the effect of various pH 
values on adsorption. Four sets of experiments A, B, C, and D were carried 
out at weekly intervals in the same way as before and determinations made of 
adsorbed ammonia, nitrate, and phosphoric oxide. In experiment A the papers 
were washed in ammonia-free distilled water only and then dried. In B the papers 
after being washed as before were finally rinsed in O.OIN HCl and dried. In C 
the same procedure was adopted, but the papers received a final wash in O.Oli^T 
Na^COs before being dried. In experiment D the same papers as in C were used 
again, but this time received a final wash in O.OIN HCl as in experiment B. The 
results were as follows (A, B, and C are the means of five weekly experiments): 
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NH4-N 

NOi-N 

TOTAL N 

PsOi 


ppm. 

ppm. 

ppm. 

ppm. 

A. 

31 

9 

40 

2.8 

B. 

113 

13 

126 

2.5 

C. 

9 

13 

22 

2.0 

D (1 experiment). 

100 

9 

109 

1.7 


These results show that a slight increase in acidity, in B, resulted in a threefold 
increase of nitrogen adsorbed as compared with A and that a slight increase in 
alkalinity, in C, was followed by a drop to little more than half of the nitrogen 
adsorbed by A. Moreover, the ratio of NBU-N to NO3-N was reversed in C, 
NOs-N exceeding NH4-N. 

Further experiments were carried out with cellulosic material of the kind 
present in crop residues and especially with those containing a high proportion 
of fiber relatively resistant to attack by soil organisms and, when air-dry, immune 
to such attack outside the soil. The fibrous material included dried grass, jute, 
sisal, and the woody fiber of sawdust or wood shavings. These were leached at 
weekly intervals with cold, ammonia-free distilled water and filtered, the mineral 
content of the filtrate being determined as before and calculated as parts per 
million on the original weight of the sample. The following figures represent the 
mean of four consecutive weekly experiments in each case: 



NH«-N 

NOi-N 

totalN 

CaO 

PtOi 


ppm. 

ppm. 

ppm. 

ppm. 

ppm. 

Dried grass. 

11 

7 

18 

42 

13 

Jute fiber. 

84 

19 

103 

103 

10 

Sisal fiber. 

51 

20 

71 

70 

5 

Wood fiber. 

24 

16 

40 

31 

4 

Filter paper. 

31 

9 

40 

18 

2.8 


As these plant materials, although consisting chiefly of cellulose, contain some 
nitrogen, lime, and phosphoric oxide, it might be argued that these figures 
represent merely decomposition products. There was no decomposition under 
the conditions of this experiment, however, and the results of experiments A, 
B, C, and D show that pure cellulose can yield even higher figures for adsorbed 
nitrogen. 

The leaves of trees consisting largely of cellulose act in the same way as the 
ceflulosic materials represented by the dried grass and the jute, sisal, and wood 
fibers, that is, they adsorb from the air ammonia, nitrate, lime, and phosphoric 
oxide in the form of particles which are smaller than dust and which may be 
called “aerosols.” Unlike the carbon in the atmosphere, these particles are not 
generally taken directly into the plant but, being water-soluble, are washed off 
the leaves by rain and enter the plant by way of the surface feeding roots. The 
amount of plant food received in this way is shown by the following experiment: 

At 10 weekly intervals, a bunch of leaves of a nonleguminous evergreen tree, 
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while still attaidied to the parent tree, was washed with cold ammonia-free dis¬ 
tilled water. The solution was filtered and analyzed for water-soluble anunoida, 
nitrate, lime, and phosphoric oxide. Artificial “leaves*' of pure cdlulose consisting 
of Whatman filter papers tom in pieces and contained in a ■wire cage 
suspended from the tree were treated in the same manner. The results, express^ 
as the means of the 10 weekly analyses in parts per million calculated on the 
weight of the leaves, were as follows: 



NH*-N 

NOfN 

TOTikLN 

CaO 

PsOi 


ppm. 

ppm. 

ppm. 

ppm. 

ppm. 

Leaves of tree. 

9 

8 

17 

41 

3.3 

“Leaves” of cellulose.... 

19 

5 

24 

18 

1.7 


The nitrogen in the washings from the leaves might be ascribed to an exudation 
from the substance of the leaf itself, but this explanation would not apply to the 
much greater amount of nitrogen from the artificial “leaves,** which contained 
no nitrogen. The mineral matter adsorbed on the leaves is washed off by succes¬ 
sive rains into the soil and may contribute to the growth of the tree indefinitely 
and independently of whatever other available plant foods may exist in the 
soil. 

A better idea of the actual amount of plant nutrients gained in this way from 
a source outside the soil is given by the following experiment carried out at the 
seacoast of Natal.: 

Rain water was collected in a rain gauge standing in the open and also, at the 
same time, in a jar that received the rain dripping from the leaves of a growing 
tree. Monthly determinations of the composition of the filtered rain water were 
made in each case separately, and the experiment was continued for 12 months, 
during which 49 inches of rain fell. 

Results were as follows, the mean composition of the rain falling in the open 
and after dripping from the leaves of the tree being given as parts per million 
of rain and the total mineral matter, as pounds per acre per annum calculated 
from the total rainfall: 



SAXN 

1 DSIP 7X01C TBgg 


ppm. 

ppm. 

Jh.IA.lyr. 

NH4-N. 

0.86 

2.6 

28.6 

NOs-N. 

0.10 

0.1 

1.1 

CaO. 

8.7 

30.7 

338 

P.0,. 

0.34 

2.0 

22 


The amounts given in the last column are more than sufficient for the normal 
anmial growth of forest trees. The surprisingly large amount of mineral salts 
is explained by the fact that the total area of the leaves, which are in many 
different planes and at varying heights from the ground, is much greater than 
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the area of the base on which the tree stands. Actual measurements have shown 
that a maize plant 6 feet high may have a leaf area of 24 square feet, or more 
than 5 acres of leafage per acre of plants at the usual distance apart. 

This experiment shows that trees can obtain from the air a large proportion 
of the nutrients they require and hence can live and grow for 100 or 1,000 years 
on the poorest soil, provided rainfall is adequate. Exactly the same conclusions 
are valid in regard to grass, which does not exhaust the soil but rather contributes 
to restoration of the fertility of eroded soil by adding to its carbon and nitrogen 
content. 


DISCUSSION 

The conclusion to be drawn from these experiments is that soil fertility is to 
be regarded, not as a static condition, but as a d 3 mamic process taking place 
continuously at the surface of the soil and depending chiefly on the presence of 
cellulose or other organic colloids, which play the part of catalysts, alternately 
adsorbing ammonia and mineral matter from the air and transferring them in 
aqueous solution by the agency of rain to the roots of the growing crop. Fertility 
is thus a property, not of the soil as a whole, but of the colloids in the first inch 
or two of surface, which by virtue of the plus or minus electral charge on the 
surface layer are able to adsorb from the air, not only a mm onia and nitrate but 
also lime, potash, phosphoric oxide, and other nutrients. These mineral particles 
probably exist in a form much finer than ordinary dust, for Blacktin (2, pp, 113, 
138) mentions the existence in the air of particles having a diameter ranging 
from 10"® to 10"^ cm, and described as aerosols which do not settle in a still 
atmosphere like the coarser dust particles and which, being almost infiboitesimaJly 
small, are entirely water-soluble. 

The importance of the surface soil to fertility was shown by Sreenivasan (7), 
who found that addition of 1 or 2 inches of surface soil taken from one plot and 
placed on top of an adjacent plot resulted in a crop increase of 80 percent, and 
by Bennett (1, p. 215), who quotes data to show that, if the surface soil is 
removed by sheet erosion, 3 delds may drop by 77 per cent or more. 

Lebedjantzev (4) found that merely drying the surface soil under natural 
field conditions resulted in a large increase of fertility. A water extract gave an 
increase of 24 ppm. of ammonia and a twelvefold increase in water-soluble P 2 O 6 
above that from the undried soil. These experiments suggest comparison with 
the results of alternate wetting and drying of cellulose given in this paper. More 
recent experiments by Rossi (5) show that thin layers of soil exposed to the air 
^‘fix” an amount of nitrogen equivalent to 20 to 25 kgm. per hectare per annum. 
This effect was said to be independent of bacterial action and was renewed after 
each fall of rain. 

The organic colloids in the surface soil include cellulose, lignin, and humus. 
According to microbiologists, cellulose can serve as enei^ material for nitrogen¬ 
fixing bacteria, but such fixation of nitrogen is accompliidied at the expense of 
the organic naatter, which is destroyed in the process and can therefore be used 
once only. On the other hand, cellulose used as a mulch in a dry condition at the 
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'Surface of the soil is resistant to destruction by microorganisms and can adsorb 
from the air nitrogen compounds which are carried into the soil by successive 
rams. In this way, the same cellulose can function 100 or more times, exactly as 
the cellulose filter papers in the laboratory experiments previously described. 
'These experiments throw light on the part played by humus in the maintenance 
of soil fertility. It is commonly assumed that humus contributes to fertility by 
undergoing decomposition, but Waksman (8, p. 115) has shown that humus, 
being in the form of a lignoprotein with a benzene nucleus, is highly resistant 
to decomposition by bacteria. Humus has, however, a high capacity for adsorbing 
ammonia especially at low pH values, but at pH greater than 6.5 this ammonia 
is readily lost. It is also pointed out that lignin and humus particles are negatively 
charged and that they adsorb ions containing elements which are of great impor¬ 
tance in plant nutrition, for example, P, K, Ca, Mg, and Fe. Such adsorption 
quickly reaches a maximum, but if the elements adsorbed are leached into the 
soil by rain, further adsorption can then take place, and humus can in this way 
function almost indefimtely. Thus humus, acting as a catalyst, contributes 
nitrogen to the soil while its own stock of nitrogen, amounting to 4 or 5 per cent, 
remains intact. 

According to the theory outlined above, there is no loss of fertility by cropping 
•even after 70 years, as in the case already mentioned, and it is only when the 
surface soil itself is removed bodily, as in erosion, that there is any loss or de¬ 
terioration. Thus fertility is not a wasting asset but a kind of capital which, 
though constantly expended, is as constantly replenished from the air in a never- 
^ending cyclical process. The existence of epiphytes like certain tropical orchids 
which live on air and rain alone and yet have a composition similar to that of 
other orchids growing in the soil is a sufficient proof that air contains all the 
elements required for plant nutrition in adequate amounts and in a readily 
available form (not as insoluble dust). 

If it is objected that the mineral content of the air is very small, being meas¬ 
ured in parts per million, it is sufficient to point to the fact that the air is con¬ 
stantly in motion and that even in a gentle breeze more than a million cubic 
feet of air will come into contact with the growing plant every 24 hours. Even 
the carbon in the air amounts* to only 160 mgm. per 1,000 liters, and yet this 
is sufficient to supply to annual crops a ton or more of carbon per acre. Another 
important consideration is that the mineral matter of the air is in the form of 
exceedingly fine particles (aerosols) which are completely water-soluble. 

Althou^ little has been said about the microorganisms of the soil, they never¬ 
theless play an important part in any theory of fertility, not because they add 
anything to the soil, but because they break down the waste organic matter 
of crop residues and by resolving it into simpler compoimds render it available 
•as new building material for another generation of plants. 

If plant nutrients are derived from the air, the question may be asked: Is the 
atmosphere an inexhaustible source of supply? The reply is that it is not, for 
according to estimates, even its carbon content, if not replenished, would be 
•exhausted by growing vegetation in about 35 years. A complete theory of fer- 
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tiKty therefore requires evidence of continuous additions to the air from some 
outside source of supply. Such a source is probably to be found in the ocean^ 
which acts as a regulative device for maintaining more or less constant the car¬ 
bon dioxide and ammonia content of the atmosphere. The mineral elements 
such as chlorine, calcium, and phosphorus which are found in rain water come 
probably from the sea as spray. Another source may be cosmic dust or terrestrial 
dust after it has been reduced to an extremely fine state of division. On this 
hypothesis, the fertility cycle would be from the sea to the air, from the air to 
the plant and the soil, and ultimately from the soil to the sea. 

SUMMARY 

Experiments have been described which show how cellulosic and related 
materials such as are foimd in plant residues and humus can adsorb, from the 
air, nitrogen and other compoimds which are carried into the soil by successive 
rains and serve—^in the absence of erosion—^to maintain fertility at a moderate 
level for an indefinite period. For maximum crops, however, and especially of 
high-yielding and rapid-growing varieties, artificial fertilizers applied to the sur¬ 
face soil would still be required to supplement what is obtained from the air and 
soil. 
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Since the classical researches of Willstater and Stoll, it has been known that 
magnesium is the only metallic constituent of the chlorophyll molecule. It is 
also well known that a deficiency of this element in the soil results in a lower 
chlorophyll content of plant foliage, particularly of the older leaves. The effects 
of magnesium deficiency on the yellow pigments, carotene and xanthophyH, 
are not so well known. This paper reports part of the results of a study of mag¬ 
nesium deficiencies on different plants grown under field conditions. 

A few studies have been made of tiie ratio of the chloroplast pigments in 
chlorotic and nonchlorotic leaves. WiUstater and Stoll (6) observed that the ratio 
of the green to yellow pigments in green leaves was remarkably constant. Oser- 
kowsky (3) studied the ratio of the pigments in chlorotic and nonchlorotic pear 
leaves. Chlorosis in this case was due to growth of the pear trees in highly cal¬ 
careous soil which induced iron deficiency. Normal leaves were taken from 
trees that had been sprayed with soluble iron salts. Carotene and xanthopyhll 
were determined together. The coeflBcient of corrdation between chlorophyll and 
yellow pigments for 31 samples of chlorotic and nonchlorotic leaves were found 
to be 0.934. The ratio of chlorophyll to yellow pigments was higher in the non¬ 
chlorotic leaves than in the chlorotic ones. For eight samples described as 
“severely chlorotic’’ the ratio averaged 1.8; in nine “moderately chlorotic” 
samples it was 2.7; and in five samples of “green leaves from treated trees” 
it was 5.1. The smaller ratio for the chloritic leaves indicates a much greater 
deterioration of chlorophyll than of yellow pigments. 

Mackinney (2) grew barley seedlings in nutrient solutions deficient in iron. 
The results indicated a close relation between chlorophyll and the carotinoids, 
but the ratio of carotene to xanthophyll was markedly lower in chlorotic leaves. 
No one heretofore seems to have made a study of the ratio of the three pigments 
when affected by magnesium deficiency tmder field conditions. 

HELD PLOTS USED 

Plots at the Massachusetts Agricultural Experiment Station were used for 
the work. Two of the plots have received no magnesium for the last 50 years; 
two others received varying amounts from 1921 to 1935 and 150 pounds of mag¬ 
nesium suKate per acre annually since 1935. One of the magnesium-treated plots 

^ Contribution No. 744, Massachusetts Agricultural Experiment Station, Amherst, Mass* 
Part of a thesis submitted by the senior author to the graduate faculty of the University 
of Massachusetts in partial f^fiUment of the requirements for the degree doctor of philoso¬ 
phy. The senior author is greatly indebted to the International Minerals & Chemical Corpo¬ 
ration for the financial support of this work under an industrial fellowship. 
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and one of the magnesium-deficient plots received nondolomitic limestone in 
varjnng amoimts from 1921 to 1935 and 1,000 pounds per acre annually since 1935. 
Since the latter date, all plots have received an annual per-aere application of 
1,000 pounds of fertilizer compounded from sodium nitrate, potassium sulfate, 
and ammonium phosphate in proportion to give a 5-8-7 analysis. 

COLLECTION AND FKEPARATION OF LEAF SAMPLES 

It was frequently impossible to collect samples of the same species from all 
four of the field plots, since some plants failed to grow on the unlimed portion 
because of too high acidity (pH 4.6). 

An attempt was made to take samples of leaves of approximately the same 
age on the plant. This was frequently diflBcult because of variation in growth 

TABLE 1 


Effect of deep-freeze temperature (—S0'‘C.) on chloroplaat pigments 


STO&AOE PEBIOD 

CHLOBOFEmX 

XANTHOPErVLL 

CABOTENE 

Sugar maple leaves 

days 

ingm./gtn. 

mgm^gm. 

mgm,/gm. 

0 

6.60 

0.85 

0.38 

30 

6.38 

0.82 

0.36 

60 

6.45 

0.81 

0.36 

102 

6.05 

0.77 

0.34 

180 

6.05 

0.83 

0.38 

Tobacco leaves 

0 

11.35 

1,47 

0.68 

30 

11.08 

1.40 

0.60 

60 

11.60 

1.38 

0.58 

102 

11.40 

1.34 

0.58 

180 

11.30 

1.42 

0.66 


and because of diseases that affected some plants more than others. Magnesium- 
deficient plots often had diseased plants, whereas the same species were virtually 
free from disease on the magnesium-treated plots. 

All samples consisted of lower leaves, since these are affected most by mag¬ 
nesium deficiency. The samples were taken from the field plots at various times 
from June 5 to August 29,1947. As little time as possible was allowed to elapse 
between the picking of the leaves and extraction of the pigments. This generally 
was not more than 1 hour. Usually a set of four samples was taken in the morn¬ 
ing of one day and all analyses were finished by noon of the next. Precautions 
were taken to prevmit as much loss of pigments by thermal and li^t decom- 
positilon as possible. 

To determine whether any decomposition of pigments occurred during storage 
under deep-freeze conditions, sugar maple and tobacco leaves, picked during the 
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latter part of August, were kept in a deep freezer at — 20®C. for various periods 
up to approximately 6 months. The leaves were first cut into strmll pieces anrl 
those of each species thoroughly mixed. One set of samples was with^awn and 
analyzed. Other sets were put in Mason fruit jars and placed in the deep freezer 
until analyzed. Table 1 gives the results of these analyses. 

Tobacco and sugar maple were chosen because these two varieties of leaves 
represent about the extremes which one might expect in moisture content. 
Tobacco leaves are “wet” leaves, containing upwards of 90 per cent moisture 
when picked in the field. On the other hand, sugar maple leaves represent a 
“dry” type, usually having only about 45 to 50 per cent moisture. It was thou^t 
that the amount of moisture mi^t affect the keeping quality of the leaves xmde r 
deep-freeze conditions. The results in table 1 show, however, that moisture was 
not a factor in the keeping quality of the leaves and that very little decomposition 
of the pigments occurred during the storage period. 

METHOD OF PIGMENT ANALYSIS 

Chlorophyll was extracted from the fresh plant leaves and determined by the 
Petering-Wolman-Hibbard method (4). A Klett-Summerson glass cell industrial 
model photoelectric colorimeter, which was calibrated for chlorophyll by the 
method of Comar, Benne, and Butejm (1), was used. 

Carotene was determined on a 50-mL aliquot of the original acetone extract. 
Chlorophyll was removed by absorption on finely divided barium hydroxide 
according to a method described by Petering, Wolman, and Morgal (5). Xantho- 
phyll was removed by phasic separation with methanol in the usual manner. 
The colorimeter was calibrated by using light filter No. 44 against a known 
solution of pure beta carotene in petroleum ether. 

Xanthophyll was determined on the methanol extracts by using the same li^t 
filter and the same calibration curve used for carotene. 

All pigment results are expressed as milligrams per gram of oven-dried plant 
tissue. The aliquot of the plant material used to determine the dry weight was 
dried ovemigjht in a steam oven at 60° to 70°C. and th^ placed in an dectric 
oven at 100°C. for another ovemi^t period. 

BESuurs 

Table 2 shows the chlorophyll, xanthophyll, and carotene contents of leaves 
from 13 different plants grown on the unlimed plots. Table 3 presents similar 
data for 18 different plants grown on the limed plots. 

Chemical analysis* of plants gown in the magnesium-d^ci^t soil that had 
been limed indicated a decrease in the amount of magnesium absorbed. Several 
theories have been advanced to explain this phenomenon, such as preferential 
ion absorption or ion antagonism. In view of this, it was expected to find a greater 
loss of chlorophyll, xanthophyll, and carotene in plants grown on the magnesium- 
deficient limed plots. The data presented in table 4 do not warrant any dear-cut 

* Data not presented in this paper. 
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TABLE 2 

Effect of magnesium deficiency on chloroplast pigments of plants grown in unlimed plots 


In milligrams per gram oven-dried plant tissue 


PLANT 

CHLOKOPBCOL 

XANIHOPETXL 

CAXOXENE 

Plot A 

no Mg 
added 

Plot B, 
Mg* 
added 

Plot A 

no Mg 
added 

Plot B, 
Mg* 
a^ed 

Plot A, 
no Mg 
added 

Plot B, 
Mg* 
added 

Apple. 

5.49 

4.54 

0.57 

0.66 

0.29 

0.28 

Eggplant. 

2.47 

8.24 

0.56 

0.94 

0.30 

0.44 

Hibiscus. 

4.19 


0.24 

1.20 

0.28 

0.50 

Marigold. 

11.93 


1.54 

1.44 

0.28 

0.22 

Meadow rue. 

1.84 

6.70 

0.31 

1.01 

0.18 

0.34 

Mock orange. 

6.26 

8.54 

0.89 

1.10 

0.27 

0.42 

Oak. 

8.05 

5.45 

1.03 

0.75 

0.38 

0.29 

Petimia. 

7.43 

9.83 

0.96 

1.27 

0.31 

0.42 

Raspberry. 

5.48 

8.10 

0.43 

0.56 


0.22 

Snapdragon. 

6.81 

9.27 

0.82 

1.14 

0.28 

0.43 

Sweet com. 

4.68 

10.45 

0.69 

1.23 

0.32 

0.71 

Thunbergia. 

5.92 

6.64 

0.81 

0.90 

0.33 

0.37 

Tobacco. 

3.40 

8.43 

0.61 

1.04 

0.28 

0.57 

Tomato. 

2.04 

12.20 

0.39 

1.33 

0.30 

0.73 


150 pounds MgS 04 * 7 H 20 per acre. 


TABLE 3 

Effect of magnesium deficiency on chloroplast pigments of plants grown in limed plots 


In milligrams per gram oven-dried plant tissue 


PLANT 

CHLOSOPtHYLL 

XANTHOPHYLL 

CA20IENX 

Plot A 
no Mg 
add^ 

Plot C* 

Mg 

added 

Plot A 
no Mg 
added 

Plot C*, 
Mg 
added 

Plot A 

no Mg 
added 

Plot C*, 

Mg 

added 

Apple. 

4.40 

4.55 

0.54 

0.51 

0.27 

0.21 

Bush honeysuckle. 

2,77 

8.20 

0.44 

0.96 

0.18 

0.54 

Carrot. 

3.16 

8.45 

0.63 

1.05 

0.23 

0.53 

Eggplant. 

3.65 

7.86 

0.60 

0.80 

0.24 

0.41 

Hibiscus. 

4,04 

7.10 

0.31 

1.02 

0.26 

0.46 

Lavatera. 

6.04 

16.42 

0.89 

2.06 

0.34 

0.83 

Marigold. 

6.77 

8.60 

0.92 

1.24 

0.16 

0.20 

Oak. 

5.33 

4.57 

0.62 

0.63 

0.28 

0.24 

Pepper. 

11.53 

12.23 

1.30 

1.18 

0.49 

0.44 

Petunia. 

4.28 

9.95 

0.66 

1.16 

0.20 

0.45 

Raspberry. 

3.84 

7.64 

0.23 

0.64 

0.08 

0.24 

Snapdragon. 

8.80 

9.43 

1.20 

1.28 

0.43 

0.46 

Sunflower. 

10,51 

10.62 

1.28 

1.12 

0.55 

0.52 

Sweet com. 

7.51 

10.76 

0.86 

1.25 

0.50 

0.74 

Tobacco. 

3.30 

8.60 

0.60 

0.98 

0.23 

0.50 

Tomato. 

4.42 

9.86 

0.58 

1.02 

0.28 

0.51 

Thunber^a. 

5.95 

8.06 

0.73 

1.03 

0.31 

0.39 

Zinnia. 

6.36 

7.56 

0.65 

0.87 

0.31 

0.43 


* 160 pounds MgS 04 * 7 H 20 per acre. 
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decision in this matter. Some of the plants have a greater loss of chlorophyl on 
the unlimed plots; others have greater loss on the limed plots. 

Regression studies were made of the relationship of the three pigments. The 
data in table 4 were grouped together for both the limed and the unlimed plots. 
Figure 1 gives the regression of xanthophyll losses upon the chlorophyll losses 
in the plant leaves grown on magnesium-deficient plots, irrespective of whether 
the plots were limed or unlimed; figure 2 gives the regression of carotene losses 
upon the chlorophyll losses; and figure 3 gives the regression of xanthophyll 
losses upon the carotene losses. Positive coefficients of correlations were obtained 
in all cases. This would indicate that magnesium deficiency affects not only the 

TABLE 4 


Loss of leaf pigments due to magnesiuin defideney of plants grown on limed and unlimed plots 
In milligrams per gram oven-dried plant tissue 


PLANT 

CELOSOPEYLL 

XANTEOPEYLL 

CAEOXS31X 

Unlimed 

plots 

Limed 

plots 

Unlimed 

plots 

Limed 

plots 

Unlimed 

pbts 

Limed 

plots 

Bush honeysuckle. 

— 

5.43 

— 

0.52 

_ 

0.36 

Carrot. 

— 

5.29 

— 

0.52 

— 

0.30 

Eggplant. 

5.77 

4.21 

0.39 

0.20 

0.14 

0.17 

Hibiscus. 

5.31 

3.06 

0.96 

0.71 

0.22 

0.20 

Lavatera. 


10.38 

— 

1.17 

— 

0.49 

Marigold. 

— 

1.83 

— 

0.32 


0.05 

Meadow rue. 

4.86 

— 

0.70 

— 

0.16 

— 

Mock orange. 

2.28 

— 

0.21 

— 

0.15 

— 

Petunia. 

2.40 

5.67 

0.31 

0.50 

0.11 

0.25 

Raspberry. 

2.62 

3.80 

0.13 

0.31 

0.05 

0.16 

Snapdragon. 

2.46 

0.63 

0.32 

0.08 

0.15 

0.02 

Sweet com. 

5.77 

3.25 

0.64 

0.39 

0.39 

0.24 

Thunbergia. 

0.72 

2.10 

0.09 

0.30 

0.04 

0.08 

Tobacco. 

5.03 

5.20 

0.43 

0.48 

0.29 

0.27 

Tomato. 

10.16 

5.44 

0.94 

0.44 

0.43 

0.23 

Zinnia. 


2.20 

— 

0.22 

— 

0.12 


chlorophyll content of plant leaves but the carotene and xanthophyll as well. 
The regression studies indicated that with the loss of each part of carotene, 
twenty parts of chlorophyll were lost. Also, the loss of each part of xanthophyll 
was accompanied by a loss of ten parts of chlorophyll. These rdationships would 
indicate that there is an association of the three pigments in the chloroplast in a 
ratio of twenty parts of chlorophyll to two parts of xanthophyll to one of caro¬ 
tene. Apparently these relation^ps are not appreciably disturbed by mag¬ 
nesium deficiency, and the three pigments are lost in proportional amounts. 

Others who have investigated various phases of pigment relationships in plants 
have laid considerable stress on certain ratios between the various pigments. 
Pigment ratios calculated for the plants grown on magnesium-deficient plots 
and on magnesium-treated plots are given in table 5. 
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Loss ofCA/orophyllwMilligrcusperGraMofDryLeaf Tissue 

3Fig. 1. Regbxssion of Xanthophtix Losses on Ghlobophtel Losses 



Fig. 2. Bbobession of Gabotene Losses on Chlobofhtll Losses 
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Sines the ratios are virtually the same whether they are calculated from sam¬ 
ples taken from the magnesium-deficient plots or from the magnesium-treated 
plots, the only conclusion that can be drawn is that a deficiency of TYiAgnAgiiifTy) 



Fio. 3. Hsgrbssion of Xanthophyll Losses on Carotene Losses 

TABLE 5 


EjBfect of deficiency of magnesium on (werage 'pigment ratios 


XATZOS 

MAONZSZme DSnOEMT PLOTS 

ICAGKESnnC-TBEAIED PLOTS 

rshl oTopbyll * ifft-T^thophyll. 

8.25 

8.56 

Chlorophyll! carotene. 

20.80 

19.43 

Xanthophyll! carotene. 

2.58 

2.80 

Chlorophyll i carotinoids. 

5.72 

5.85 



does not disturb the proportions of the various pigments one to another. In 
other words, the ratios are the same in chlorotic and nonchlorotic leaves. In 
this respect, magnesium deficiency apparently differs from iron deficiency. 

SUMMARY 

A study of the effect of magnesium deficiency upon the chlorophyll, xantho- 
phyll, and carotene content of leaves of different plants indicated that magnesium 
deficiency causes not only a loss of chlorophyll in the lower leaves, but also a 
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loss of xanthophyll and carotene. The loss of each twenty parts of chlorophyll 
was accompanied by a loss of two parts of xanthophyll and one part of carotene. 
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One of the interesting aspects of the soil study of the equatorial regions of 
Colombia, South America, reported by Jenny 03) was the disclosure of the 
presence of podzols. Although podzols or podzolized soils were reported previ¬ 
ously in the equatorial regions, their podzolized character was established 
mainly hy their gross morphological features f2(5). 

To resolve any doubts as to the true podzol character of such equatorial 
soils, the profile described by Jenny as a ^‘giant podzol” (13, table oiwas 
thoroughly investigated. The results of this investigation are reported in tables 
2-10, and figures 4-7. The site of the profile and a close-up view of another 
shallower podzol profile are shown in figures 1 and 2. A brief description of the 
profile is given in table 1. 

In gross morphological features the similarity of this profile to a podzol lies 
mainly in the presence of a bleached horizon (layers c and d) and a \'ery marked 
horizon of iron accumulation (layer e )—^an ortstein layer—both of which are 
parallel to the surface. The profile, howet^er, differs from an ordinary podzol in, 
first, the presence of a veiy thick mineral horizon—the Ai—^lich in organic 
matter above the bleached horizon; second, the giant dimensions of the Ai and 
Ao horizons; and third, the extremely large accumulation of re 20 j in the Bi 
horizon. 


DISCUSSION OF RESULTS 

The unusual features of the profile suggest that it would be advisable to estab¬ 
lish the nature and uniformity of the parent material before proceeding A\ith a 
discussion of the podzol properties of the profile. 

Xaiurc of the parent material 

The differential diermal analyses of the whole soil and of various particle-size 
fractions (figs. 4- ) are perhaps the clearest e\ddence of the stratified nature of 
the profile. These analyses show the presence of large amounts of kaolinitic 
material in the f aid g layers, but none in the a, h, c, and d layers. The mineral- 
ogical analyses of the whole soil (table 4) also support this conclusion. This is 
clearly shown by both the hea\y and the light minerals. The a, h, c, and d layens 
contain a certain amount of hornblende and biotite, whereas the / horizon con¬ 
tains only a trace or none. The mineralogical composition of the light minerals 

^ Ministerigde Minas y Petrolcos, Bogota. The writers are indeiited to H. Jenny for col¬ 
lecting the profile, for supplying figures 1 and 2, and for his constructive suggestions and 
criticism of this manuscript. 
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Fig. 1. The Sabaneta Pbopile, Showing the Giant Dimension 
AND General Appearance 

The site is a road-cut near Albdn between Bogota and Onda. 
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and the mechanical analysis show that the a. 6, c, and d layers are liiah in quartz 
and volcanic glass and low in clay, wherca> the./’layer i^ reluti^’ely l<jw in quartz 
and high in clay and contains no volcanic gla^^. 

It is very difficult to conceive of pechdogic pio(*e^^e> wliicli would alter a 
material of the nature of the / or g layers to soil mateiial of tlie nature ol the 
a, h, c, and d layers. One must conclude, therefore, that the parent material of 
this profile was stratified. 


TABLE 1 
Giant podzol 
Sabaneta series, Xo. 94 

Locality: near Albdn (Cundinamarca, about 5®X), elevation 2460 m. ^^^,070 feet /. 

Climate: estimated, temperature 17°C. (63®F.), precipitation 2,000 mm. fTO inches). 
Vegetation: now pasture, originally forest with a dense cover of ferns <see fig. 2). 
Topography: gently sloping fan, slope 5-10 per cent. 

Parent material: semiconsolidated crj'stal tuif (a, 6, c, tZ, and e layers) underlain by a 
kaolinitic shale (f and gr layers) (sec table 4). 

Profile description: 


DEPTH 

L WER 
DESIGVV- 
TION 

HORI/OV 

DIPFER- 

ENTI\TION 

COLOR 

ulchei 




-2-0 



Huniub layer, Idack very ^(>ft UO. 2b V 

0-18 

a 

1 

1 1 

(Irayish brown, 10 YR 4 2t, moderately cloddy, of high 




jAi , 

friability and high pemieability to water, air, and roots 

18-32 

b 


I 1 

Pale browm, 10 YR 6 '3, otherwise similar ton 

32-45 

c 

] 


Light gray, 2.5 Y 7 2, moderately bleached, moderately 



1 

1 

^A. 

cloddy, of medium friability, and high permeability 

45-56 

d 



White, 2.5 Y" 8/3, strongly bleached, otherwise similar to c 

56-60 

c 


Yellowish red, 5 Y^R 5 8, laminated with iron oxide and full 




of iron concretions, of low’ friability and with low per¬ 




meability to w’ater, air, and roots. An ortstein horizon 

60-80 

s 


Yellow’, 10 Y"R 8 6, of medium friability and with fairly good 




drainage 

80+ 

u 


1 Hard kaolinitic shaly rock 


^ Absent in this profile but present in the virgin profile (tig. 2). 
t The color specifications correspond to the Munsell notations. 


The stratification of the parent material, however, does not exclude the 
possibility that the ortstein horizon (the e layer) was foimed by the accumu¬ 
lation of iron from the overlying horizons. The probability that the ortstein 
horizon is of genetic origin would be enhanced if it could be shown that the 
parent material of this layer was more like the parent material of the overlying 
horizons than that of the underl^dng horizons. A cai’eful study was therefore 
made of the ortstein layer. It was noted that the sand tractions from this horizon 
consisted of three distinct types of particles; namely, rust colored, iw colored, 
and yellow colored. A differential thermal curve was run on each (fig. 7). Differ- 
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>2d 

ent 'll thoimil cui\e‘> ^^elc also mide of the \\hole sand and the silt fiactions 
(hg^ 0 ind 7) compaiison of these cunes, m the legion bet^\een and 5 50° 
C ind in the legion of 900°C v^vth those of the fiactions fiom the o\oihmg 
and iindoihing hoiizons and ^\lth the ditfeiential thcimal cuncs of baii\ite and 
kaolmite (hg 7) sho^^s the ^ollo^^mg 1 Ihe difteiential thermal ciu\e of kao- 
linite dilfeis fiom that of bauxite mainlj in ha\ing an exotheimic bieak at about 
900°C Ihe absence oi neai absence theietoie, of an exotheimic bieak at 900°C 



Fig 3 4. Podzol Profile ixder Gr^ss \eqet\tion prom thi Him biiRRv N'f\ 
MoexTAiNb of C \liform V—Elea vtioe 10 000 Fi et 

in the difteiential theimal cunes of the lust, the lose, the whole sand, and the 
silt fiactions mdicates that kaolmite is neailj^ absent in these fiactions, and the 
endotheimic bieak in the legion fiom 450° to 550°C indicates the piesence of 
bauxite lathei than kaolmite 2 The jelloAA paitides contain some kaolmite 
and theiefoie aie similar m this lespect to material fiom the underlying horizon. 
The amount of this material in the whole soil is \eiy small, howe\ei, as shown 
bA the \eiv small exothermic bieak at 890°C in the diffeiential thermal cui\e 
of the whole soil, the sand, oi the silt fiaction Perhaps these particles represent 
contammation of the Bi sample with some of the material fiom the horizon 
during sampling 



Fig. 4. Differential Thermal Curves: a, 6, c, rf, e,/, and g of the Whole Soil, Ca- 
Saturatbd and Free prom Organic Matter, from the a, b, e, d, e,/, and g Layers Re- 
spectivelt; A = 2 per cent Gibbsitb and 98 per cent Ignited AltOs; B « 5 per cent 
Gibbsite and 96 per cent Ignited AljO,; C « 7 per cent Gibbsitb and 93 per cent Ig¬ 
nited ALO*. 



Fig, 6. Differential Thermal Curves; a, 6, c, d, e, and / of the <1 ja Clay. Ca- 
Saturatbd and Free from Organic Matter, from the a, 6, c, d, e, and / Layers 




Fig. 6. Dippbbbntial ThbrmaIi Cuevbs : a, 6, c, d , e, and / op the silt Fbaction (0.06- 
O.OOdMH.), WITH THE NaTUBAL BaSE StATUS AND FrEE FROM ORGANIC MaTTBR, FROM 
THE a , 6, c, d, e, and / Layers Respectively. 



Fig, 7. Differential Thermal Curves: a, 6, c, d, c, and / of the Sand Fractions 
(2.0- 0.05 MM.), with the Natural Base Status and Free from Organic Matter, from 
THE a, 6, c, d, e, and / Layers Respectivelt; A, B, C, ** Rust, Rose, and Yellow Sand 
Fractions Respectively 3from the 0 Layer; D = 10 per cent Bauxite (from Beaux, 
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The near abs^ce of kaolinite in the ortstein layer indicates that the parent 
material of this layer was not of the same kind as the underlying material. On 
the other hand, a comparison of the chemical composition of the material from 
the various horizons based on the absence of Fe 203 , AI 2 O 3 , and volatile matter 
(o]^nic matter and H 2 O), the main substances which have been moved or ac¬ 
cumulated in the profile, shows that the CaO, MgO, and XagO contents of the 
e layer (the ortstein horizon) are similar in magmtude to those of the overlying 
layers mther than to those of the underlying f layer (table 7 ). This amilarity of the 
e layer to the overlying layers is particularly significant, ance the amounts of 
CaO, MgO, and Na 20 are considerably smaller in the / layer t.V>nn in the over- 
lying layers, a condition not encountered in strongly weathei-ed soils developed 
from uniform parent material. The similarity of the e layer to the overlying 
layers is also brought out very clearly by, first, the base-exchange capacity of 
the iron- and organic-matter-free clay from the e layer and of the days from 
the Of, i, c, and d layers (table 9), and second, the mineralogical composition of 
the whole soil (table 4). These results indicate that the parent material of the e 
layer was undoubtedly identical to that of the a, b, c, and d layers. This conclusion 
together with the fact that the ortstein layer is only 4 inch® t hick and ^rtntaina 
a large amount of organic matter mak® it appear more probable, therefore, that 
the orstein layer is of a genetic orign. Although most of the re 208 accumulated 
in the e horizon, a little was also deposited in the f layer as drown by the free 
Fe 208 (table 4). The distribution of gibbsite in the profile (fig. 4 ) indicat® that 
the/layer was also a recipient of a little gibbsite. The pr®ence of gibbsite in the 
/layer but not in the hard kaolinitic rock from the g layer indicat®, therefore, 
that the / layer may be considered as a B 2 horizon. 

The differenc® in the mineralogical composition among the a, b, c, and d 
layers, particularly in the hornblende and biotite content, may indicate that these 
minerals have undergone a considerable amount of weathering, and probably 
they were an important source of the Fe 202 that accumulated in the B horizon. 
The smaller amounts of biotite and hornblende m the a and d layers su^®t 
that perhaps these layers have suffered the greatest amoimt of wea^ering. This 
seems also to be indicated by the presence in these layers of the larg®t amounts 
of silt and clay (table 3) and of SiOa (table 6 ). 

From the preceding discussion and from the mineralogical and chemical com¬ 
position of the whole soil (tabl® 4, 6 , and 7) it may be concluded that the parent 
material of the profile consisted of two strata; namely, a kaolinitic shaly rock, 
perhaps similar to that of the s' layer, from which the / layer developed; and a 
semiconsolidated crystal tuff from a dacitic magma (18) with, possdbly, a con¬ 
siderable amount of fr® AI 2 O 3 and Fe 203 (a f®ture not rmusual in such materials) 
which gave rise to the a, b, c, d, and e layers. The volcanic peaks Nevada del 
Tolima, Nevada del Isabel, and Nevada dd Ruiz about 60 mil® firom Alb&n 
aero® the Magdalena river were m®t likely the source for the volcanic tuff. 
The relative fredme® of the volcanic gla® might indicate that the volcanic tuff 
is of a relatively recent dep®it. This concluaon is not surprising in view of the 
fact that th®e volcano® are not yet completely extinct. Whether the shaly 
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rock is of volcanic origin is not known, but it is certain that this rock is much 
older than the overlying material. 

Podzol nature of the jrrofde 

The most striking features of a podzol are the loss of Fe203 and AI 2 O 3 from the 
A horizon and their accumulation in the B horizon, the accumulation of organic 
matter in the ortstein layer, if such is present, and the acid nature of the profile 
as expressed by the pH and percentage base saturation of the exchange complex 
(16, 16, 17). All these features are very strongly marked in the profile xmder 
discussion. The accumulation of very large amounts of Fe 203 in the B horizon 

TABLE 2 


Total carbon, nitrogen, and organic inaller and C/N ratioB of the Saibaneta profile 






ORGAinC MATTES 


C m 

lAYESS 

N 

C 

C/N 

Calculated 
C X 1.724 

Determined 
by HjO* 

Deter¬ 
mined]* by 
ignition 

0 . M.VC 

OEGANIC 

MATTER* 

a 

per cent 

0.88 

per cent 

11.45 

13.1 

per cent 

19.94 


per cent 

21.8 

1.91 

per cent 

52.5 

h 

0.39 

6.09 

15.7 

10.61 

8.95 

13.1 

2.15 

46.5 

c 

0.23 

4.33 

19.1 

7.64 

6.33 

9.7 

2.24 

44.7 

d 

0.18 

2.84 

15.8 

4.96 

4.44 

6.6 

2.32 


e 

0.12 



8.74 

6.94 

12.4 

2.47 

40.5 

f 

0.10 

1.64 

16.2 

2.85 

2.23 

4.0 

2.46 

41.4 


* By ignition. 

t A determination was made of the loss in weight of the soil when heated gradually to 
igniton. The loss in weight between 125 and 260°C was assumed to represent the loss of 
organic matter. The loss in weight below 125®C and above 260®C was assumed to represent 
loss in water of adsorption or crystallization. 

The HjOj apparently did not destroy all the organic matter. This was verified by a 
detennination of the loss in weight of the H 202 -treated soil upon heating from 125 to 
260°G. These losses were about equal to the differences in amount of organic matter as 
shown in the table. 

Determination of organic matter by use of the factor 1.724 seems to be inadequate, 
particularly for the horizons below the surface. 

of this profile are indicated by the total chemical composition and by the Si 02 / 
Fe20s ratios (table 6). The large accumulation of Fe 203 , in the e horizon, and 
particularly the bleached nature of the c and d layers, are also clearly marked by 
the “free” iron as determined by Tamm^s method (table 4). The complete ab¬ 
sence of any iron staining on the individual mineral particles from the A 2 horizon, 
as observed under the microscope, is also a good indication of the bleached nature 
of the A2 horizon. The accumulation of AI2O3 in the B horizon is clearly indicated 
by the Si 02 /Al 203 ratios (table 6) and by the differential thermal curves (fig. 4). 
The differential thermal curves and the x-ray analysis indicate that a considerable 
amount of the AI 2 O 8 has accumulated in the form of gibbsite and bauxite. The 
accumulation of organic matter in the ortstein layer is indicated by the total 
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oarbon and organic matter content in this layer (table 2). The acid nature of the 
profile is also very marked particularly by the percentage base saturation (table 
8). Although the pH of the surface layers of this profile may not be so low as that 
in some podzols (2), the percentage base saturation is certainly as low as that in 
the most mature podzols (17, 20, 22, 23). One other characteristic of podzols 
is the presence of relatively small amoimts of clay in the A and B horizons (22, 
23, 24). This again is true for the profile under discussion (table 3) (with the 
exception of the clay in the / layer, which merely reflects the nature of the parent 
material). 

Although the amount of claiy in the A and Bi horizons is relatively small, 
its mineralogical composition is of interest. The mineralogical composition, as 
shown in table 5, was detennined by x-ray diffraction patterns, differential 
thermal curves (fig. 5), and base-exchange studies (tables 5 and 9). The interest 


TABLE 3 

Mechanical analyeis of the Sabaneta profile 



PSAGXIOKS 

TOTAL 

Fine gravel and sand 

2 (M) 05 nun. 

Silt 0.05-0 002 mm. 
(S(h^) 

CUy* <0 002 mm. 

«2m) 


per centf 

per cent 

perulU 

percent 

a 

25.61 

67.11 

7.28 

100 

h 

67.93 

29.33 

2.74 

100 

c 

62.36 

34.36 

3.38 

100 

d 

50.90 

44.82 

4.28 

100 

e 

75.59 

19.93 

4.48 

100 

f 

29.38 

26,96 

43.66 

100 


* Detennined by the pipette method. 

t Per cent based on oven-diy (llO^G) and organic-matter-free soil. 


lies in the presence of a veimiculitic clay mineral as the only true clay mineral 
and in the presence of relatively large amounts of nonclay minerals; namely, 
quartz, plagioclase, and gibbsite. Perhaps the presence of a large amount of 
quartz and other nonclay minerals in the clay fraction (<1 m) may be a 
characteristic of colloids of other podzols. Althou^ the proportion of venniculite 
clay in the < 1 p clay fraction was large, the x-ray lines representing the vermic- 
ulite spacings—^in the x-ray diffraction pattern of the <1 /» days—^were very 
weak no matter what pretreatment the clays received prior to x-raying. This 
indicated that tiie venniculite clay was in a poor cyrstaUine state, possibly due 
to its volcanic origin and the subsequent acid leaching to which it was subjected 
during soil formation. 

As may be seen from the differential liiennal curves (figs. 4, 6, 6, 7), gibbsite 
is present in all partide-size fractions; and from its distribution in the profile, 
it is clear that gibbsite is easily subject to migration. The presence of ^bbsite 
in such an acid soil as the one under discussion is not surprising, for it was dis¬ 
covered that the mild acid treatment of the soils during extraction of iiie free 
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TABLE 4 

Mineralogical composition* of the whole Sahaneta soil 



a 

b 

c 

d 

e 

/ 

Quartzt. 

38 

30 

19 

39 

11 

10 

Volcanic glassj. 

34 

34 

40 

25 

10 

0 

Orthoclase. 

X 

X 

X 

X 

X 

X 

<2ii clay §. 

7.3 

2.7 

3.3 

4.3 

4.5 

46.8 

Cemented vermiculite clay.... 

3.4 

4.6 

4.8 

4.6 

1.5 

0 

Biotite. 

1 

2 

4 

1 

2 

0 

Hornblende. 

1 

2 

5 

2 

2 

0 

Hypersthene. 

X 

X 

X 

X 

X 

0 

Tourmaline. 

X 

X 

X 

X 

X 

0 

Hmenitejl. 

1 

2 

3 

3 

2 

1 

Gibbsite. 

0.3 

0.7 

1.0 

2.0 

7.0 

5.5 

Bauxite. 

0 

0 

0 

1.0 

5.0 

X 

Kaolinite. 

0 

0 

0 

0 

2 

21 

Leucoxene. 

1 

1 

1 

2 

1 

1 

FreeR208by iFeaOa. 

1.7 

1.8 

0.7 

0.7 

45.7 

8.4 

Tamm’s method/AlaOj. 

11.3 

19.2 

18.2 

15.4 

6.3 

6.3 

Total. 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 


* The amounts of the minerals reported were estimated as follows: gibbsite, kaolinite^ 
and bauxite from the differential thermal curves of the whole soil; biotite, hornblende, 
and ilmenite by heavy liquid separation and microscopic examination; <2 m clay by pipette 
analysis; cemented clay from the exchange capacity of the organic>matter-free nonclay 
fraction of the soil (see table 5); volcanic glass from the Na20 content of the soil and 
of andesine (7.74 per cent); leucoxene from the Ti02 and the ilmenite contents of the soil; 
quartz by difference. 

Most of the volanic glass consisted of colorless tiny broken pieces of threads and very 
small irregular granules of silt size cemented together into irregular clusters. These con¬ 
tained the various minerals and formed the sand fractions of the soil. Other forms of 
volcanic glass (18, 27) were also observed. Only very little devitrification has set in. Many 
of the crystal forms, particularly of the hornblende, ilmenite, magnetite, and black hema¬ 
tite, were strikingly perfect and consisted of medium sand texture or finer. A considerable 
amoimt of secondary rust-colored hematite was also present in the e layer. The quartz was 
clear or fairly smoky in irregular fragments, rounded grains, or well-developed bipyramids 
with rounded edges and consisted of medium sand texture or finer. The feldspars, which 
were mostly andesine (as indicated by the chemical analysis of the soil and the slightly 
developed albite twinning), had the clear glassy appearance typical to feldspars of rhyo¬ 
lite, dacite, or crystal tuff (18, 27). 

The cemented clay resembled the <1 m clay in apjjearance and in the x-ray pattern, 
but seemed to contain a much larger amount of fioury quartz. This material might repre¬ 
sent volcanic mud. 

X-ray analysis of the separated biotite indicated that it had an expanded lattice similar 
to that of vermiculite (3, 4, 6). 

One of the most stiikmg features common to all the minerals from the o, 6, c, and d‘ 
layers was the near absence of iron-staining. 

t Includes amorphous SiOs. 

% Includes a small amount of andesine. 

§ See table 5. 

II Includes magnetite and black hematite. 



















TABLE 6 

AppToximcLte mineralogical composition of organic^free K.1 fi clay from Sahaneta soil 
In percentage weight of material dried at llO^C. 


LAVS& 

VBB3CIC> 

UUTIC* 

CLAY 

XAOLI- 

NITICt 

CLAY 

dBBSrESt 

BAUXITat 

FKS£ lUOa 
BY TAIOC’S 
METSOO 

QUAXTZt 

ASID 

AKOSPHOUS 

sro. 

ANBESINXt 

PLAOIOCL\SE 

TOTAL 

HaO (110*0 
OP THB Ca- 
SATUiLATSD 
AZB-DBY 
POKM 

Fe*0» 

Al*Oa 

a 

26 

0 

1 

0 

1.7 

11.7 

44.6 

15.0 

100.0 

18.6 

h 

48 

0 

1 

0 

1.8 

19.3 

11.9 

18.0 

100.0 

28.7 

c 

46 

0 

1 


0.7 

18.5 

16.8 

17.0 

100,0 1 

29.7 

d 

51 

0 

3 

1 

Miwm 

15.0 

9.3 

20.0 

100.0 I 

21.0 

e 

27 

0 

7 

7 

45.7§ 

6.4 

3.0 

3.9 

100.0 

15.1 

f 

0 

68.0 

2 

X 

7.3 

5.7 

17.0 

0 

100.0 

7.6 


* The identity of the venniculitic clay was established by the 001 spacings. The spacings 
of the Ca-saturated clays in the air-dry, the 250“C.-heated, and the glycerol-saturated 
states were similar to those of venniculite; namely, 14.5, 10.0, and 14.2 respectively. The 
amounts indicated in the table were calculated by assuming that the venniculite clay 
was the main contributor to the base-exchange capacity of the clay and that it possessed 
a capacity of about 166 me. per 100 gm. dried at 110®C. (3,4,5). The presence of vermiculitic 
type clay was also indicated by the endothermic break at about 210®C. in the differential 
thermal curves of the soils and clays (fig. 4 and 5), by the large amoimt of water held at 
110 °C., and by the high base-exchange capacity of the <1 n clay fraction notwithstanding 
the presence of large amounts of impurities with low base-exchange capacities (table 9). 

t Estimated from the differential thermal curves. 

t The sum of the quartz and andesine was determined by difference, but the amount of 
each was estimated from the relative intensity of the strongest x-ray lines of each mineral. 

§ The FesOs apparently was present in an amorphous form, for the x-ray diffraction 
diagram of the iron concretions showed only weak gibbsite lines. 


TABLE 6 

Chemical composition of the whole Sahaneta soil 
saou-LKYsas 



* 1 

b 

* 1 

d 

e 

f 


« 

t 

* 

t 

« 

t 1 

* 

t 

m 

t 

« 

t 


51.23 

69.10 

49.17 

59.48 

49.64 


57.73 

64.66 

21.63 

26.51 

46.93 

53.20 

TiO*(%)... 

0.87 

1.17 

1.42 


1.68 

1.93 

2.93 

3.28 

1.29 

1.58 

1.11 

1.29 

Fe!0,(%).. 

2.24 

BiWiVJI 

2.33 

2.82 

3.43 

3.94 


3.38 


49.80 

7.77 

9.00 

Al203(%) • . 

13.31 

18.00 

23.20 


24.43 


20.52 


15.44 

18.95 


33.65 

MnO(%). . 

0.11 

0.15 

mmm 


0,11 


0.03 


trace 

trace 

none 

none 

MgO(%)... 

1.72 

2.32 

1.69 


1.54 

1.77 

1.33 

1.49 

0.71 



0.93 

CaO(%)... 

2.29 

3.09 

1.97 

2.38 

2.86 

3.27 

1.67 

1.87 

0.85 



0.72 

Na,0(%).. 

1.98 

2.67 

2.32 

2,81 


3.22 

1.76 

1.97 

0.90 

1.10 


0.76 

K*0(%)... 

0.21 

0.28 


0.45 





0.11 

0.13 

0.29 

0.35 

P«0.(%)... 

ESS 






0.08 



■mg 


0.10 

Ignition 













(%). 

25.74 


17.90 


14.15 


■tPrOl 


18.15 


14.20 


Total (%).. 

99.85 

lioiimit] 

linitllilri 


\mwm 


100.98 

100.00 

99.71 


100.52 

100.00 

H20+(%) . 

3.9 


4.8 


4.5 


5.1 


6.8 


10.2 


H20-(%). 

17.2 


22.2 


20.7 


17.6 


19.2 


12.7 


SiO*/ 













FejOs. ... 



56.1 


38.5 


60.8 


1.42 


15.71 


SiOa/ 













AlaO».... 

6.52 


3.59 


3.44 


4.77 


2.37 


2.68 



* Per cent of whole soil oven-dried at 110®O. 
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TABLE 7 

StOa, MgO, CaO, and Na^O content of the whole Sahaneta soil 


In percentage of the stun of Si02j MgO» CaO, and NasO content of the soil 


XAYSK 

SiOs 

MgO 

C&O 

NasO 

TOTAL 

a 

89.50 

3.01 

4.04 

3.45 

100.00 

b 

89.20 

3.02 

3.57 

4.21 

100.00 

c 

87,40 

2.71 

4.97 

4.92 

100.00 

d 

92.40 

2.13 

2.67 


100.00 

e 

89.80 

2.94 

3.53 

3.73 

100.00 

f 

95.70 

1.66 

1.28 

1.36 

100.00 


TABLE 8 

Base-exchange properties of the whole Sabaneta soil 


LA-TEK 

NE4-xxcmNos 

GAJPACITT 

TOTAL 

BASES 

, AS BSE CEKT 07 TOTAL BASES 

BASE SATOEA- 

nONAT 7.0 

pH 07 SOIL 

AT pH 7.0* 

BASES 

Ca+<- 



Na+ 

a 

50.05 

IMS. 

10.32 

58.5 

27.5 

4.0 

10.0 

percent 

20.5 

5.3 

b 

45.78 

6.64 

41.6 

42.8 

3.9 

11.7 

14.5 

5.4 

c 

41.43 

6.97 

38.7 

27.4 

2.3 

21.5 

16.8 

5.6 

d 

31.00 

5.56 

48.8 

30.6 

2.1 

18.5 

17.9 

5.7 

e 

42.34 

6.97 

48,9 

22.0 

13.5 

15.6 

16.5 

5.6 

f 

21.79 

6.43 

53.4 

21.0 

9.9 

15.7 

29.5 

5.3 


ft * The following additional determinations were made: The NH 4 -exchange capacity at a 
pH of 8.5 and the barium-exchange capacity at a pH of 7.0. The results (in me./lOO gm.) 
for the respective layers are as follows: 71.6, 66.5, 62.7, 38.4, 58.0, and 30.2—the NH 4 -ex- 
change capacity at pH 8.5; and 150.8, 149.4, 133.7, 112.9, 67.7, and 33.1—the Ba-exchange 
capacity at pH 7.0. The significance of these results will be discussed in another manuscript. 
tfPer 100 gm. of soil dried at 110®C. 


TABLE 9 


Base-exchange capacities of a few fractions of the Sabaneta soil 
In milliequivalents per 100 gm. dried at 110®C. 


ZAYZE 

NEU-exchange* 

CAPAcmr 07 
<lMCLAYt 

NHt-EXCSA17GE 
CAPAClTy 07 HtOs- 
TEZATED son. 

NHi-EXCEANOEt 
CAPAOTY 07 
OEOANZC HATTER 
DESTEOYED WEIS 

HsQi 

NH«-SXC&A2TGX 
CAPAaiY 07 TBS 
VEEY7IME SAND 
lEACnON 

NHt-ZXCSANOZt 
CAPAcrry 07 

TEE SAND + SILT 

a 

43.2 

8.2 

240.2 

8.7 

5.4 

b 

80.5 

19.6 

310.9 

28.2 

17.8 

c 

76.9 

20.0 

358.1 

29.7 

18.0 

d 

82.5 

15.4 

366.4 

24.3 

12.4 

e 

45.5 {80.5§) 

19.8 

345.0 

40.9 

18.6 

f 

25.5 

13.4 

390.4 

21.4 

4.1 


• NH4-exchange capacity with NH4A0 at pH 7.0. 
t Organic-matter-free material. 
t Calculated values. 

§ Calculated on the basis of material freed of *Tree Fe20*.’’ 
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FejOs and AljOs did not destroy the gibbsite. On the contrary, the treated 
materials exhibited an enrichment of gibbsite, as was shown by the differential 
thenn^ ci^es of the treated materials. Whether the gibbsite is the product of 
podzolization associated with the weathering of plagioclase feldspars (1, 12) or 
was present in the parent material of the A and Bi horizons prior to soil forma¬ 
tion is diflScult to surmise from the data at 

The base-exchange studies as reported in tables 8,9, and 10, besides inHiVgtmg- 
the low base-saturation status of the soils, show: 

1 . The base-exchange capacity of the <1 it clay is very high, but its contribution tO’ 
the base-exchange capacity of the whole soil is very amitll (except in the /layer). 

2. The base-exchange capacity of the organic matter is very high and so is its contribu¬ 
tion to the base-exchange capacity of the whole soil. It is interesting to note that the ex¬ 
change capacity of the organic matter of the a layer is the smallest. Perhaps thisis due to 


TABLE 10 

Percentage coniribittion of organic matter, <8 n clay, and eand -f- eilt fraction to the 
NHi-exchange capacity {at pH 7.0) of the whole Sabaneta soil 


LAYBS8 

CONTRIBUTION OP 
OXOANZC ICATIES 

OONTRIBUBUTZON OP 
<^CLAY 

CONTSTBUnON OP 
SAND -h SILT 

TOTAL 

a 

87.0 

4.8 

8.2 

100.0 

b 

60.8 

4.4 

34.8 

100.0 

c 

54.2 

6.7 

39.1 

100.0 

d 

52.3 

11.0 

36.7 

100.0 

e 

56.3 j 

4.7 

39.0 

100.0 

f 

40.0 

49.3 

10.7 

100.0 


the presence in this layer of a considerable amount of coarse and only partly decomposed 
organic matter. 

3. The sand and silts have a considerable base-exchange capacity, and their contribution 
to the base-exchange capacity of the soil is substantial. The base-exchange capacity of the 
sands and silts may be due to the cemented clay. 

GENEBAL DISCUSSION 

Althou^ the parent material of the Alb&n profile proved to be stratified,, 
the results presented herein, particularly the nature of the distribution of gibb¬ 
site, free FesOs, and organic matter, indicate that the profile itsdff is of a truly 
genetic ori^ 

The results also show that the profile possesses all the properties of true pod¬ 
zols, as they are known in the Northern Hemisphere, but with unusually thick 
Ai and As horizons and with an extremely large accumulation of FesOa in the 
Bi horizon. The presence of an extensive Ai horizon mi^t surest that the 
profile dbould be classified as a gray-brown podzolic soil as described by Marbut 
(24). The presence, however, of a very stron^y bleached horizon and a distinct 
ortstein horizon definitely excludes the profile from the gray-brown podzolic 
group of soils. An explanation for the formation of an extensive Ai horizon per¬ 
haps may be foimd in the presence of a very abundant ground vegetation with 
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a relatively shallow root system, as may be seen in figure 2. Such an abundant 
ground vegetation would undoubtedly enrich the surface layer of the mineral 
soil vdth a great amount of organic matter by root growth. A similar condition 
of podzol development was encountered recently in the high Sierra-Nevada 
Mountains of California under grass vegetation (fig. 3). In this profile too, a 
distinct Ai horizon has developed above the strongly bleached A 2 horizon. The 
cause was clearly observed to be the abundant shallow root system of the grasses. 

TABLE 11 


Base-exchange properties of a few add soils from Colombia 




NH 4 -EX- 


PEE 

BAS£S» AS PEE CENT 

Ba'^ EX- 




SOIL 

DEPTH 

CHANGE 

CAPAcrry 

TOTAL 

BASES 

CENT 

BASE 

OP TOTAL BASES 

CAPAaiY 
AT pH 
7.0 


N 

c 



AT pH 7 

SATO- 

EATION 

Ca+- 

Mg++ 

K+ 

Na+ 





inches 

«*«.* 

me. 






me. 


per 

cent 

per 

cent 

Calima profile 


35.51 

3.67 

10.4 

32.4 

33.3 

15.5 

18.8 

— 

4.6 


20.75 

No. 76 (13) 

2-8 

25.69 

2.35 

9.2 

36.6 

32.8 

5.6 

26.1 

— 

5.2 

!iRj] 

7.20 


8-18 

24.04 

1.70 

7.1 

24.1 

30.0 

8.8 

37.1 

•— 

6.4 


6.23 


18-25 

9.34 

1.79 

19.2 

32.4 

27.9 

7.8 

31.9 

— 

6.2 


0.87 

Agricultural 

surface t 

29.30 

1.78 

6.1 

39.9 

30.3 

19.1 

RE 

58.8 

4.7 

B 

— 

Forest Ex¬ 
periment 
Station, of 
Calima 

subsoilt 

18.35 

2.80 

15.3 

66.8 


6.4 

6.4 

38.8 

6.3 
















17.760t 

— 

73.96 

6.74 

9.1 

60.2 

22.7 

1.7 

15.4 

139.8 

4.4 


17.69 

17.791 

— 


ESii] 

10.4 

39.1 

45.7 

4.3 

10.9 

82.9 

6.2 

0.27 

7.23 

17.713 

— 

64.46 

12.12 

19,2 ! 

61.1 


11.5 

6.9 

121.8 

5.2 

0.71 

17.55 

17.693 

— 


2.88 

4.6 

18.1 

35.4 

26.7 

19.8 

112.7 

4.3 


14.58 

17.594 

— 

61.26 

2.81 

4.6 

21.4 

16.0 

27.4 


87.1 

4.1 


12.70 

17.696 

— 

12.29 

2.15 

17,5 

26.5 

15.7 

18.4 

39.4 

23.6 

4.7 


3.79 


* Per 100 gm. of soil dried at 110®C. 
t Depths not indicated by collector. 

t Location and depth not indicated by collector of these samples. 


The chemical and mineralogical analyses of the Alb&i profile indicate that, as 
in other podzols (6, 7, 24, 29), formation of the bleached A 2 horizon does not 
necessaiily involve the entire disappearance in the horizon of all of the primary 
minerals such as hornblende, biotite, hypersthene, and feldspars. They also 
illustrate that the essential process in the formation of the bleached horizon is 
a removal of the free Fe 203 and at least some of the free AI2O3 which either were 
originally present or were formed during the weathering of minerals containing 
these oxides. 

The dimensions of the various horizons of podzol profiles would be expected 
to vary and to depend upon the soil-forming factors. Thus the giant dimensions 
of the Ai and A 2 horizons of the Alb4n profile might be explained possibly by the 
following soil-forming factors conducive to intense leaching and bleaching: 
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^ 1. A parent material consisting of a very permeable tuff High in free AI2O5 and Fe20,, 
high in both total and exchangeable bases, and underlain by a kaolinitic shaly rock of a 
much lower permeabilitj\ 

2. A gently sloping topography. 

3. An annual rainfall of about 80 inches coupled with a uniform annual temperature of 
about 63®F.* 

4. A luxuriant plant growth throughout the year yielding large amounts of organic 
matter for decomposition. 

The presence of a kaolinitic layer with a relatively low permeability at some 
distance below the surface might have helped to trap the percolating solutions 
at the boundary line between the two kinds of parent material and to have 
confined most of the deposition of the Fe 203 to the relatively thin Bi horizon. 
On steeper slopes, and where the kaolimtic layer was closer to the surface, shal¬ 
lower podzol profiles were observed and mapped (28), as shown in figure 2. 

One of the most interesting findings revealed by the base-exchange studies of 
the Alb&n profile, and of other very acid soils from Colombia (table 11), is that 
notwithstanding the very low state of base saturation, these soils support luxuri¬ 
ant plant growth [as indicated by the hi^ N and C content of these soils and by 
actual measurements of organic matter production (14)]. An explanation for this 
condition possibly may be foimd in Graham’s work (8, 9, 10, 11) in which the 
showed that in presence of large amoimts of exchangeable H+ (whether on or¬ 
ganic or inorganic exchange materials) nonexchangeable bases of primary min- 
•erals become available for plant uptake. 

STJMMABY 

Chemical, mineralogical, and base-exchange studies have confirmed the pres¬ 
ence of a podzol of giant dimensions in the cool climate of the high mountains 
of the equatorial region of Colombia, South America. 
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It is 8) conunoii observation that soil types vary in their ability to supply 
potassium to plants. The readiness with which a soil releases nonexchangeable 
potassium to the exchangeable form is a characteristic often referred to as the 
potassium-supplying power. 

A study was undertaken to determine the potassium-supplying power of 23 
Indiana soil types as detennined by continuous cropping with la^o clover in 
the greenhouse. In addition, the effect of added potassium on the potassium- 
supplying power of 10 of the more important soils, as measured by plant uptake, 
was studied. 


LITERATURE REVIEW 

A number of explanations have been suggested for the processes involved in the recip¬ 
rocal transformations of exchangeable and nonexchangeable potassium (2, 3, 4, 6, 7, 8, 9, 
10,11). The exact nature of these processes is not known. It is now generzlly accepted, how¬ 
ever, that an equilibrium exists among water-soluble, exchangeable, fixed or nonexchange¬ 
able, and primary mineral forms of potassium. The evidence indicates that the nature of 
this equilibrium is variable and depends upon the soil type or nature of clay minerals pres¬ 
ent. 

DeTurk, Wood, and Bray (5) proposed a two-phase equilibrium between the soil solu¬ 
tion and exchangeable potassium and between exchangeable and nonexchangeable po¬ 
tassium. They reported that these equilibria can be forced in either direction by altering 
the concentration relations, but in each the soil tends to attain its inherent ''equilibrium 
level” of exchangeable potassium. They recognized two forms of fixed potassium: one was 
dissolved by boiling for 10 minutes in N HNOa, and the other was in the insoluble residue. 
They also foimd that the content of the soluble form was directly related to the potassium- 
supplying power of the soil. Potassium fixation was thought to be a beneficial process, since 
fixed potassium is held against leaching but becomes available to crops under suitable con¬ 
ditions. 

^When potassium is applied to the soil, it changes from the water-soluble to the exchange¬ 
able form, and, if not utilized by plants, it may become fixed by the soil colloids in a non¬ 
exchangeable form. For any given soil type, the extent to which fixation occurs depends 
upon the potassium level of the exchange complex; the higher this level, the greater is the 
fixation (6). "Potassium fixation” has generally been considered to mean conversion from 
exchangeable to nonexchangeable forms. The amount fixed, as well as the addition required 
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to bring about fixation, varies with different soils, depending on the amount of colloid in 
the different soils, particle size distribution, potassium content, mineralogical constitution 
of the colloid, and perhaps other factors (5). 

Attoe and Truog (1) divided the potassium of the soils into three categories based upon 
its availability to plants. These included the readily available, water-soluble, and exchange¬ 
able forms of potassium; the moderately available or fixed and biotite forms; and the diffi¬ 
cultly available or feldspar and muscovite forms. The moderately available forms of po¬ 
tassium were those which were nonexchangeable but soluble when extracted for one hour 
with 0.6 N HCl. 

Stewart and Volk (14) found that an average of two thirds of the potassium used by the 
plants came from forms that were nonexchangeable at the beginning of the experiment, and 
the amount of nonexchangeable potassium removed from the different soils varied between 
39 and 87 per cent of the total amount of potassium consumed by the plants. No close re¬ 
lationship was found between the potassium removed by the crops and the exchangeable 
potassium in the soil, removed from the soil, or remaining in the soil after cropping. 


PROCEDURE 

The soils for this investigation comprise 23 of the major soil types of Indiana®, 
representing about 13 million acres, or approximately 54 per cent of the agricul¬ 
tural land of the state. They are typical of a wide range of soil conditions such 
as are found in many parts of the corn belt. 

The samples were procured by using a random sampling technique. Several 
1-inch cores of soil were taken over an area of about 1 acre. For each soil type, 
three composite samples from fields in cultivation spaced at least a mile apart 
were taken at each of three depths, 0-6, 6-12, and 12-18 inches, for laboratory 
analysis. The sites selected were in areas where the particular soil type was 
extensive. The fertilizer treatment history of the soils was not known but was 
assumed to be average for the soil type. The exchangeable potassium was 
determined on all three soil samples from each depth. At each selected site, 
bulk samples were taken from the 0-6-inch layer of soil for the greenhouse experi¬ 
ment. All soil samples were crushed to pass a quarter-inch sieve and were 
thoroughly nadxed. 

The soil samples used for laboratory analysis were stored field-moist at room 
temperature. The bulk samples of soil were used for greenhouse work after lime 
and fertilizer had been added. 

The exchangeable potassium in the soil was determined by leaching with neutral 
normal ammonium acetate solution and precipitated by the sodium cobaltinitrite 
colorimetric method.^ The plant material was dry-ashed (12), and total potassium 
content was determined on a Perkin-Elmer flame photometer (model 52A) using 
100 ppm. of lithium nitrate as the internal standard. All analyses were calculated 
on an oven-dry basis. 

The lime requirement to pH 6.5 was determined for each soil, and 100-mesh 
dolomitic limestone was added as needed to adjust the soils to that value. Sup- 

• For description of these soils see Bushnell, T. M. The story of Indiana soils. Purdue 
Agr. Sta. Spec. Cir. 1. 1944. 

* Bailey, T. A. Mechanism of potassium fixation by various clays. 1942. Unpublished 
thesis, University of Wisconsin library. 
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plemental fertilizer was added, on a per-acre basis, in the following amounts: 
300 pounds P 2 O 6 , and 20 pounds N as starter for ladino clover. Xo potassium 
was applied except in the special experiment to study the effect of added potas¬ 
sium upon the potassium-supplying power of the soil, ilinor element needs were 
taken care of by the following application, on a per-acre basis: 10 poimds ZnSOi, 
5 pounds Na2B407, 25 pounds MnS 04 , 50 pounds CUSO 4 , 1 pound 
O 24 • 4 H 2 O, and 2 pounds C 0 CI 2 . The limestone and supplemental fertilizer were 
thoroughly mixed with each lot of soil before it was placed in the cans used for 
greenhouse tests. In addition to the experiment on the origmal soils as sampled, 
the effect of potassium fertilization (75 and 200 pounds K 2 O per acre) upon the 
supplying power was studied on 10 of the more important soil types. At least 
three replications were made in all cases. Sufficient additional replications were 
made on 10 of the soil types so that pots could be sacrificed to analyze for ex¬ 
changeable potassium on the soils after the third, fourth, and sixth cuttings as 
well as after the eighth. The clover was cut as soon as the plants on any one treat¬ 
ment appeared to be ready to set seed. This was used as the guide to keep the 
plants in the vegetative stage. 

The experiment was set up and the ladino clover planted on July 23, 1946. 
The crops grew continuously for 493 days, and produced eight cuttings. The 
experiment was discontinued November 27,1947. For analysis, the plant material 
was composited into two large samples: the first four cuttings and the last four. 

Tin cans, with varnished interiors, commonly sold as size No. 1 with a capacity 
of 12 fluid oimces, were used instead of pots in the greenhouse studies, fteliminary 
investigations indicated that there was no particular advantage in using larger 
containers for this experiment. Glass tubes were placed in the containers for 
aeration and to facilitate watering. A layer of quartz sand was placed at the bot¬ 
tom of the can and the glass tube placed upright in the sand, so the water was 
evenly distributed on the bottom of the soil. The container plus the glass tube 
was brought up to a tare weight of 100 gm. by addition of quartz sand. The soil 
was then added, and enough quartz sand placed on top of the soil to counter¬ 
poise each can to a uniform wei^t. The soils were watered at least once a day 
and brought up to the optimum water content. 

RESULTS AND DISCUSSION 

The exchangeable potassium content of the surface 6 inches of these soils 
varied from 89 to 253 poimds K 2 O (table 1). In 6-12 inch layer, the range was 
28 to 240 pounds, and for the 12-18-inch layer it was 25 to 161 pounds. The 
exchangeable potassium content was highest in the surface 6 inches in all but 
three soils—^the Frederick, the Fairmount, and the Genesee. 

The soils producing the hipest yields of clover with no added potassium were: 
Fairmount, Genesee, Fox silt loam, Nappanee, RusseU, Crosby, and Chalmers. 
All of these yielded more than 8 gm. of oven-dry material from the eight harvests. 
Though the largest yields of clover also removed the greatest amount of non¬ 
exchangeable potassium from the soil, this relationship was not consistent. For 
example, although Fox and Crosby silt loams removed 531 pounds of nonex- 
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changeable K 2 O per acre, as compared to 1023 for Fairmount, their yields were 
not so strikingly different from Fairmount. This suggested that some other factor 
than potassium may also have limited growth in some instances. Larger quan¬ 
tities of plant material were removed from all soils in the first cutting* than 

TABLE 1 


Exchangeable potassium of the original soil samples 


SOIL NO. 

son. XYXB 

0-6 in. 

XsO FES ACBS 

6-12 in. 

12-18 in. 



lb. 

lb. 

lb. 

1 

Miami silt loam 

153 

87 

72 

2 

Nappanee silt loam 

232 

99 

81 

3 

Newton loamy fine sand 

145t 

108 

51 

4 

Houghton muck* 

141 

36 

70 

5 

Fincastle silt loam 

197 

90 

50 

6 

Crosby silt loam 

1 143 

92 

77 

7 

Cincinnati silt loam 

160t 

67 

63 

8 

Chalmers silty clay loam 

14d 

[ 60 

45 

9 

Clermont silt loam 

89 

1 28 

35 

10 

Frederick silt loam 

117 

205 

161 

11 

Philo silt loam 

149 

63 

55 

12 

Zanesville silty clay loam 

145 

118 

95 

13 

Fox silt loam 

253 

140 

100 

14 

Bedford silt loam 

166t 

98 

67 

15 

Alford silt loam 

153 

65 

52 

16 

Brookston silty clay loam 

loot 

37 

31 

17 

Fairmount silty clay loam 

143 

240 

91 

18 

Parr silt loam 

150 

85 

79 

19 

Fox sandy loam 

154 

102 

47 

20 

Genesee silt loam 

131 

149 

114 

21 

Vigo silt loam 

107t 

42 

71 

22 

Russell silt loam 

166 

85 

93 

23 

Maumee fine sandy loam 

loot 

51 

25 


* Weight of Houghton calculated at 760,000 pounds per acre 6 inches of surface soil, all 
others at 2,000,000 pounds. 

t Analysis made by D. Rouse on bulk composite samples stored in field-moist con¬ 
dition. 

from any subsequent cutting. By the sev^th cutting, the weight of plant material 
produced from all soils had reached a low but fairly constant level. 

The potassium removed by cropping with ladino clover, the exchangeable 
potassium remaining in the soil after eight crops, and the potassirim released 
from the nonexchangeable to the exchangeable form during the cropping period 
are shown in table 2, The total potassium in each soil is also presented for com¬ 
parison. The Maumee was the cmly soil that apparently fixed part of the potas- 
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sium which was exchangeable at the beginning of the experiment. The amount 
seemingly fixed was only 18 pounds, which mi^t be due to experimental error. 
Nevertheless, this soil obviously has a very weak potassium-supplying power. 

TABLE 2 


Summary of the potassium-supplying power of the soils with no potassium addedf as indicated 
by extraction by ladino clover^ eight cuttings in 4B$ days 


SOIL 

NO. 

SOIL 

XXCE>IN6EABLE XsO 

NONEXCEANGE 4BLB 
KaO* 

Released by soil 

TOTAL XsO 

Original 
in soil 

Removed 
by cropst 

Final in 
soil 



a./A. 

lb/A, 

Ih./A, 

li./A. 

a./A.t 

1 

Miami 

153 

415 

42 

304 

43,500 

2 

Nappanee 

232 

815 

60 

643 

44,500 

3 

Newton 

145 

210 

35 

100 

22,000 

4 

Houghton! 

141 

273 

1 35 

168 

6,500 

5 

Fincastle 

197 

439 

44 

286 

33,000 

6 

Crosby 

143 

633 

41 

531 

40,000 

7 

Cincinnati 

160 

490 

37 

367 

42,500 

8 

Chalmers 

149 

854 

88 

793 

34,000 

9 

Clermont 

89 

182 

29 

121 

24,500 

10 

Frederick 

117 

734 

53 

670 

50,500 

11 

PhHo 

149 

640 

51 

542 

38,000 

12 

Zanesville 

145 

445 

49 

349 

37,500 

13 

Fox silt loam 

253 

703 

82 

532 

42,500 

14 

Bedford 

155 

416 

42 

303 

34,000 

15 

Alford 

153 

354 

49 

250 

38,000 

16 

Brookston 

100 

674 

57 

631 

38,500 

17 

Fairmount 

143 

1043 

123 

1023 

62,500 

18 

Parr 

150 

439 

85 

374 

39,000 

19 

Fox sandy loam 

154 

223 

23 

92 

45,500 

20 

Genesee 

131 

923 

135 

927 

40,000 

21 

Vigo 

107 

270 

42 

215 

37,500 

22 

Russell 

166 

783 

66 

683 

45,000 

23 

Maumee 

100 

34 

48 

-1811 

23,500 


* Nonexchangeable KaO represents the potassium-supplying power, 
t It is assumed in this table that the potassium used by the crop was the exchangeable* 
t Analyses made by the agronomy department analytical laboratory. 

§ Calculated on basis of 760,000 pounds per acre 6 inches of surface soil; all others cal¬ 
culated on basis of 2,000,000 pounds. 

II Fixation, or perhaps experimental error. 

The amoimts of potassium that were released from the nonexchangeable to the 
exchangeable form, or were made available to the plants during the cropping 
period, varied from 92 pounds for Fox sandy loam to 1023 pounds for Fairmount 
silty clay loam. There was no correlation at the 0.05 (P) level between the amount 
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of potassium originally in the soil and the amoimt released from the nonexchange¬ 
able to the exchangeable form. 

To study the changes in exchangeable potassium that occurred as the cropping 
progressed, analyses were made after three, four, six, and eight harvests on 10 
of these soils (table 3). Obviously, cropping reduced the exchangeable potassium 
to a rather constant level early in the cropping sequence, and thereafter the plants 
were dependent upon the rate at which potassium was converted from the non¬ 
exchangeable to the exchangeable form. This rate is the potassium-suppl 3 ring 
power of the soil and is peculiar to each soil type. It is noteworthy that the 
Chalmers, Frederick, and Brookston soils were able to maintam their supply 
of exchangeable potassium considerably better than the others. After the heavy 


TABLE 3 

ExchangeahU potassium content of 10 soils before and after cropping for IfiB days 


SOIL 

KO. 

SOIL 

EXCHANGEABLE POTASSIUM (KsO)* 

Otm- 
nal m 
soil 

After 
crop 3 

After 
crop 4 

After 
crop 6 

Final 
after 
crop 8 

Percentage 
of original 
removed 



»./A. 

Ih./A. 

lb./A. 

IhJA, 

Ih./A, 

per ceni 

1 

Miami 

153 

47 

56 

46 

42 

73 

4 

Houghton 

141 

35 

37 

41 

35 

75 

5 

Fincastle 

197 

43 

52 

48 

44 

78 

6 

Crosby 

143 

50 

93 

61 

41 

71 

7 

Cincinnati 

160 

79 

76 

44 

37 

77 

8 

Chalmers 

149 

84 

89 

91 

88 

41 

10 

Frederick 

117 

74 

51 

60 

53 

55 

16 

Brookston 


50 

87 

76 

57 

43 

21 1 

Vigo 


54 

39 

61 

42 

61 

22 

Russell 

166 

110 

94 

48 

66 

60 


* Based on 2,000,000 pounds of soil per acre 6 inches of surface soil, except Houghton, at 
760,000 pounds. 


cropping, the exchangeable potassium remaining in these soils ranged from ap¬ 
proximately 20 to 60 per cent of the original values. 

Rouse and Bertramson (13) showed that the correlation between exchangeable 
potassium originally in the soil and the potassium-supplying power was very low. 
The correlation coefficient was 0.18 for all 23 soils. The data presented here show, 
however, that after 10 of these soils were intensively cropped until three cuttings 
were removed there was a rather close relationship between the exchangeable 
potassium level (table 3) and the potassium-supplying power or nonexchangeable 
potassium released (table 2), The correlation coefficient^ was 0.67. The correlation 
coefficients between exchangeable potassium after four, six, and eight cuttings 
and the potassium-supplying power are 0.76, 0.68, and 0.83, respectively. These 
close correlations indicate that under such intensive cropping conditions, the 

® Acknowledgment is made to S. R. Miles, Purdue statistician, and his staff for these 
tatistical analyses. 
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IsvgI of BxcIiaiigeEbl© potassium in th.e soil is a good indicator of the potassium- 
supplying power. The chief weakness of this indicator is that intensity of cropping 
is a variable factor which is difficult, or impossible, to control or to evaluate 
accurately under field conditions. 

The amount of potassium released from the nonexchangeable to the exchange- 
above form seems very large for some of the soils studied. The crop in these 
experiments was grown through eight successive harvests under greenhouse 
conditions in which the experimentally designed liTYiifing factor in the first 
series of pots was a lack of potassium. This deficiency was partly alleviated in the 
second and third experiments by applications of KCl equivalent to 75 and 200 
pounds of K 2 O per acre respectively. 

When KCl was added at the rate of 75 pounds of K 2 O per acre on 10 of the soils, 
yields increased on six of them. The addition of K 2 O gave an increased yield of 
plant material for the first crop on the Miami, Fincastle, Crosby, Chalmers, 
Frederick, Brookston, and Vigo soils. Potassium-deficiency symptoms began to 
appear after the second crop; and after the third crop virtually all plants were 
showing deficiency symptoms. The additional potassium increased the yields of 
plant material only temporarily, and then the yields on soils having a low potas¬ 
sium-supplying power began to decrease because of the inability of the soil to 
release the potassium from the nonexchangeable to the exchangeable form fast 
enough to supply the plant needs. 

The percentage increase in yield of plant material following addition of the 
76 pounds of K 2 O was greatest for Brookston, 17 per cent. A 7 per cent yield 
increase was obtained on Fincastle. The total yield of plant material changed very 
little on the other soils, with the exception of that on Russell, which decreased 
12 per cent. Apparently some other factor than potassium availability was in¬ 
volved in this case, because with the 200-pound application of K 2 O this soil 
gave an increased yield over the original untreated soil 

In this study, the data were interpreted as though the added K 2 O lost its 
identity entirely and merely became a part of the potassium-supplying power 
system of the soil. The increase in potassium removal was interpreted, therefore 
as a momentarily greater supplying power of the soil. One mi^t consider that the 
large amount of available K 2 O resulting from these additions of K 2 O ^lifted 
the equilibrium toward less supplying power while the plants fed on the added 
K 2 O as the exchangeable form. Though nei^ter consideration is entirely correct, 
it was believed the former is more nearly so. 

The potassium-supplying power of these soils, enhanced initially with a 75- 
pound application of K 2 O is summarized in table 4. The smallest amount, 209 
pounds K 2 O per acre, was released by Houghton; the largest amount, 677 poimds, 
was released by the Frederick soil. Only three of the 10 soils failed to increase 
their potassium-supplying power as a result of the application. Of the seven 
soils showing an increase, only two, Crosby and Cincinnati, showed an increase 
greater than the 75 pounds of K 2 O added. 

Addition of KCl at the rate of 200 pounds K 2 O per acre increased the total 
yield of ladino clover on all soils except the Chalmers. Many of these increases 
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were small and obviously nonsignificant. The amount of plant material produced 
from the first crop increased, but by the seventh crop the amount had reached 
a fairly constant level on all soils. The Miami, Crosby, Chalmers, Brookston, 
and Russell soils were the highest producers of plant material. Potassium-de¬ 
ficiency symptoms began to appear after the fourth crop and were very common 
after the fifth. 


TABLE 4 


Summary of potaasium’-supplying power of the soils with addition, of 76 pounds KiP per acre 


SOIL NO. 

SOIL 

SXCHA170XABLS XsO 

NONXXCHANOBABLE ElO 

Original in 
soil 

Removed by 
crops* 

Final in 
soil 

Released by 
soilf 

Increase in 
amount released 
over no XsO 



IhJA. 

Ib./A, 

IhJA, 

lb./A. 

per cent 

1 

IVIiami 


424 

38 


2 

4 

Houghtont 

141 

326 

24 


24 

5 

Fincastle 

197 

448 

28 

279 

-2 

6 

Crosby 

143 

737 

34 

628 

18 

7 

Cincinnati 

160 


52 

492 

34 

8 

Chalmers 

140 


63 

644 

-19 

10 

Frederick 

117 


54 

m 

1 

16 

Brookston 

100 

714 

48 

662 

5 

21 

Vigo 


284 

67 

244 

14 

22 

Eussell I 

166 

690 

52 

576 

-16 


* It is assiuned in this table that the potassium used by the crop was the exchangeable, 
t In these figures, no deduction has been made for the 75 pounds of K 2 O added per acre. 
t Calculated on basis of 760,000 pounds per acre 6 inches of surface soil; all others cal¬ 
culated on basis of 2,000,000 pounds. 

Application of potassium at the higher rate greatly increased the apparent 
potassium-supplying power of the soils (table 5). The greatest increases in plant 
material produced were from Fincastle, 27 per cent, and from Vigo, 23 per cent. 
During the 493-day cropping period, Crosby released the most potassium, 822 
pounds, and Houston, the least, only 295 pounds. If the 200 pounds of K 2 O 
added in the exchangeable form were subtracted from the amount considered 
to be released by the soil origmally, only one soil, the Crosby, indicated a release 
of more potassium from the nonexchangeable to the exchangeable form than where 
no potassium was added. On aU other soils, either part of the added potassium was 
fixed, or the equilibrium shifted in the other direction and the soils did not release 
as much potassium as when none was added. Since the added potassium enters 
into equilibrium with the various forms in the soil, it was considered not as 
remaining in the available form to be deducted from the potassium-suppl 3 dng 
power, but rather, as entering into the capital stock of the soil reserves and 
becoming an integral part of the potassium-supplying power. 

In all cas^ the plants removed more potassium than can be accounted for by 
the decrease in exchangeable potassium. The fact that such a large and variable 
amount of nonexchangeable potassium becomes exchangeable and is utilized 
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by the plants likely accounts for the poor relationship between the exchangeable 
potassium in the soils and the response of plants to applications of potash. 

The apparent amount of potassium released from the nonexchangeable to the 
exchangeable form was greatest for Houghton, with an increase of 75 per cent, 
followed by Crosby, with an increase of 55 per cent. The only decrease, or fixa¬ 
tion, was in the Chalmers soil, 10 per cent. As the increase in exchangeable 
potassium does not account for all the KaO added, a portion was apparently fixed. 

TABLE 5 


Summary of potassium-supplying power of the soils with addition of 200 pounds K^O per acre 


SOIL NO. 

SOIL 

XXCHANGEABLS XsO ' 

NONEXCH\NOB4BLE XiO 

Original in 
soil 

Removed by | 
crops* 

Final in i 

1 soil ' 

1 1 

Released by ^ 
soilf 1 

Increase in 
amount released 
over no KsO 



Ib./A. 





1 

Miami 

153 


37 

412 


4 

Houghtont 

141 


36 

295 


5 

Fincastle 

197 


48 

436 


6 

Crosby 

143 

924 

41 

822 

55 

7 

Cincinnati 

160 

660 

31 

531 

45 

8 

Chalmers 

149 

778 

88 

717 

-10 

10 

Frederick 

117 

796 

59 

738 

10 

16 

Brookston | 

100 

682 

56 

638 

1 

21 

Vigo 

107 

368 

48 


44 

22 

Bussell 

166 

878 

45 

757 

10 


* It is assumed in this table that the potassixun used by the crop was the exchangeable, 
t In these figures, no deduction has been made for the ^ pounds of K 2 O added per acre. 
X Calculated on the basis of 760,000 pounds per acre 6 inches; all others calculated on 
basis of 2,000,000 pounds. 


SUMMARY 

The potassilun-suppljdng power of 23 Indiana soils was determined by inten¬ 
sive cropping (eight cuttings of ladino clover) in the gi-eenhouse. The removal 
of potassium by the plants beyond that accounted for by a decrease in exchange¬ 
able potassium was called the ^'potassium-supplying power.'’ 

Upon continuous cropping with ladino clover, the exchangeable potassium 
content of the different soils decreased very rapidly at first, then more gradually 
until a certain level was reached when the potassium-supplying power of the 
soils was determined largely by the rate at which the nonexchangeable potassium 
was converted into the exchangeable, which was considered the form available 
to the plants. After thi‘ee cuttings of ladino clover, the soils had reached a fairly 
low level of exchangeable potassium, which remained rather constant through 
the remainder of the experiment. The amount of exchangeable potassium in the 
soil at this level under intensive cropping gave a close correlation with the 
potassium-supplying power. The correlation coefldcient for the average exchange¬ 
able potassium after the three, four, six, and ei^t cuttings and the potassium 
supplying power is 0.92. 
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The plants caused a large quantity of nonexchangeable potassium to be ex¬ 
tracted from the soils, yet no relationship was found between the potassium 
removed by the crops and the exchangeable potassium in the soil initially, re¬ 
moved from the soil, or remaining in the soil after cropping. No relationship was 
found between the total potassium content of the soils and their potassium- 
supplying power. 

The ability of different soils to release potassium from the nonexchangeable 
to the exchangeable forms for plant consumptoin appears to be a dominant 
factor in the nutrition of plants and is a characteristic of each soil type. 

The effect of an addition of 75 pounds of K 2 O per acre upon the potassium- 
supplying power of 10 soils was studied. Although increases in yield of ladino 
clover on six of the soils were obtained, seven showed an increase in the amount 
of potassium released from the nonexchangeable to the exchangeable form. 

When potassium was added at the rate of 200 pounds of K 2 O per acre, the 
yield of ladino clover increased on nine of the 10 soils used. Nine of the 10 soils 
showed an increase in the amount of potassium released from the nonexchange¬ 
able to the exchangeable form. 

The Chalmers soil differed markedly from the others, apparently having a 
capacity for very rapid adjustment in equilibrium, which makes it quite indepen¬ 
dent of potassium fertilization at its pi’esent state of fertility. 
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The chemistry of Na in soils has received little attention other than from 
investigators concerned with eiffccts of excess of the element in alkali soils. The 
forms in which Na is found in soils of humid regions and the conversions from 
one form to another in such soils are not well understood. Recent interest in 
the value of this clement in plant nutrition has indicated a need for informa¬ 
tion on the factors affecting the Na-supplying power of soils. 

It has been established that certain crops absorb fairly large quantities of 
Na from soils which contain relatively small quantities of the replaceable and 
water-soluble forms (3). For example, in greenhouse experiments, a Webster 
soil from Iowa that contained 16 ppm. of replaceable Na produced beets con¬ 
taining 0.68 per cent Na, and the total uptake by the crop was equivalent to 
60 per cent of the original replaceable Na in the soil.® Such data indicate that 
the replaceable Na is replenished at a significant rate in such soils. The investi¬ 
gation reported here was conducted to determine how much replaceable Na is 
contained in Iowa soils and how rapidly sodium from nonreplaceable forms is 
released to replaceable and water-soluble forms. 

The soils used in this investigation were selected to present a range in degree 
of horizon development. They were formed from somewhat different parent 
materials and included both grassland and timbered soils. It was hoped that 
results from this range of soil types might provide some information on the 
effect of various soil-forming factors upon Na release. 

The release of K from nonreplaceable forms was also measured in these same 
soils. Since the release of nonreplaceable K has been studied in some detail, it 
seemed possible that comparisons of the rate of release of K and Na might aid 
in interpretation of the results. 

MATERIALS AND METHODS 

Soils studied 

Thirteen soil profiles in widely different parts of Iowa were selected for Na- 
release studies. Three horizons from each profile were chosen and usually repre¬ 
sented the A, the A 2 or A-B transition, and the B horizon. 

1 Journal Paper J-1769 of the Iowa Agricultural Experiment Station, Ames, Project 624. 

•Larson, W. E. Rolcaso of sodium from nonreplaceable to replaceable forms in Iowa 
soils and the response of vaxious crops to sodium fertilization. 1949. [Unpublished Ph.D. 
thesis. Copy on file Iowa State College, Ames ] 
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A group of soils from a “loess traverse” in southern and western Iowa were 
among those chosen. The genesis of these soils has been studied by Hutton (6) 
and Ulrich (13). Arranged in order of increasing horizon development, they are 
the Marshall, Sharpsburg, Haig, Seymour, and Edina series. These soils were 
all formed from loess, the source of which is believed to have boon the Missouri 
River bottoms. Similar groups of loess-derived soils from Illinois have been de¬ 
scribed by Smith (11). Taintor soils were developed from a loess which appar¬ 
ently originated from a central Iowa source. They resemble the Sharpsburg soils 
in that they show only moderate development of a textural B horizon but differ 
in that they have darker colored surface horizons and are found on more nearly 
level sites. 

The Fayette, Weller, and Marion soils were formed under forest vegetation. 
Fayette soils occur on moderate slopes from loess originating in connection with 
the Iowan till plain and show little horizon differentiation. Weller soils are found 
on gently rolling slopes and are formed from loess which is thinner and from a 
different source from that from which the Fayette soils arc formed. Weller soils 
have definite A 2 horizons with very fine textured B horizons. Marion soils are 
the most highly developed of the forested soils used here. They are found on 
flat areas in association with the Weller soils, and have thick, ashy Aa horizons 
and extremely dense B horizons. 

The Webster, Carrington, and Floyd series were formed imder grass vegeta¬ 
tion. Webster soils are developed on glacial till of the Mankato substage of the 
Wisconsin glaciation. They have very dark colored surface horizons with a mod¬ 
erately fine textured, poorly oxidized B horizon. They occur on nearly level sites 
in north central Iowa. Carrington and Floyd soils were developed from a mixed 
thin covering of loess and till overlying very slowly permeable Iowan till. Floyd 
soils are found on lower, more nearly level sites and have slightly finer textured 
B horizons than Carrington soils. 

Laboratory methods 

The Na and the K released from nonreplaccablo forms were measured by 
determining the amounts of these ions in replaceable forms at various periods 
following removal of all replaceable bases. The replaceable bases were removed 
by leaching 100-gm. samples of the soils with normal NIUOAc until the leachate 
was free of Ca. This was followed by a leaching with 11*0, then one with O.l N 
acetic acid, and finally by another leaching with H 2 O. The Il-saturatcd soils 
were then dried at room temperature, crushed, and mixed. One aliquot of soil 
was removed for analysis to determine the amounts of replaceable cation re¬ 
maining in the leached soil. The renoainder of the sample was moistened to field 
capacity and placed in waxed cartons, where it was allowed to incubate at room 
termperat\ire. The moisture content was maintained at field capacity. Samples 
for analysis were removed at the end of 60,180, and 360 days. Replaceable Na 
and K wore extracted by leaching 25-gm. samples of soil with 400 ml. of neutral 
normal ammonium acetate on a Biichner funnel. The samples removed for anal- 
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sis duruig the incubation period were not dried prior to extraction for replace¬ 
able Na and K. 

Na was precipitated with magnesium uranyl acetate according to Peech (9), 
centrifuged, washed, and weighed in the centrifuge tubes. K was determined by 
the method of Brown e< al. (4). A glass electrode was used for pH measurements. 
All determinations were made in duplicate. 

RESULTS 

The amounts of Na and K present in replaceable forms in the untreated soils 
and at various periods during the incubation are shown in table 1. Under the 
conditions of this experunent, more Na than K was generally released in 360 
days even though less Na than K was originally present in the replaceable form 
in the untreated soils. Most of the surface soils released more Na in 360 days 
than was originally present in replaceable form in the untreated soils. This was 
also generally true of the B horizons of most of the soils that do not have highly 
developed fine textured B horizons (Fayette, Sharpsburg, Taintor, Carrington, 
and Webster)- On the other hand, the soils that have claypans or diow a tend¬ 
ency toward claypan development, such as the Haig, Seymour, Edina, Weller, 
and Marion soils, originally contained much more replaceable Na in the B hori¬ 
zon than was released in this same horizon in 360 days. 

The magnitude of Na release with depth in the profile showed no pronounced 
trend for all soils. Of the 13 profiles, eight showed a higher release of Na from 
the A horizon than from the B horizon, but the averages for all soils of Na re¬ 
lease from the A and B horizons in 360 days were almost the same. In contrast 
to this, the release of K from the same soils riiowed a distinct trend with depth 
in the profile. In 11 of the 13 soils the release of K was greater from the A hori¬ 
zon than from the B horizon in 360 days. The A horizons released an average of 
0.16 me. K per 100 gm. in 360 days, while the B horizons released only 0.11 me. 

Figure 1 shows the average rates of release of Na and K with time for the 
A and B horizons of all soils. Generally, Na release was most rapid during the 
first 00 days of incubation, followed by a slightly slower rate during the next 
120 days. In some case's the release continued at a nearly linear rate throughout 
the incubation period, while in others the rate of release was very slow after 
the first 180 days. The rate of K release with time ms quite different from that 
of Na. An appreciable amount of K was rendered replaceable during approxi¬ 
mately the 1-day drying period following removal of all replaceable bases. Evi¬ 
dence that this was real and not the result of an incomplete extraction of the 
original replaceable K lies in the fact that other cations were found, on analysis, 
to be rather complcfoly removed. Another considerable amount of K was re¬ 
leased during the first 00 days of incubation, and smaller amounts were released 
after that time. An average of 48 per cent of the total potassium released was 
released during the drying period. In all but three cases, more K than Na was 
released during the first 60 days of incubation, whereas more Na than K was 
released in all except one ciisc during ilie last 300 days of incubation. 
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TABLE 1 


Release of sodium and 'potassium from nonreplacedble to replaceable forms during $60 days* 

moist incubation 


mx NO. 

SOIL 

HORI¬ 

ZON 

DIlPTH 

pH OP 

INCIT- 

BATBB 

SAUPUE 

1 ^ 

jz; 

1 

I 

gS 

SODIUM RELEASE 

14 

s 

p 

POTASSIUM RBLXASX 

Original 

Final 

m 

1 

s 

1 

s 

1 

S 

1 

S 

(A 

■1 

3 

180 days 

_ 

360 days 




inches 



fn«.t 

me. 

me. 

me. 

me. 

me. 

me. 

me. 

me. 

P-80-2 

Marshall 

A 

2-5 

3.8 

4.5 

0.05 

0.04 

0.06 

0.12 

1.94 

0.08 

0.12 

0.16 

0.21 

P.80-7 


B 

18 -22 

4.0 

5.1 

0.120.03 

0.03 

0.05 

0.61 

0.080.12 

0.08 

0.10 

P-80-14 


C 

54 -60 

4.2 

5.1 

0.18 

0.07 

O.OS 

0.17 

0.50 

0.090.13 

0.13 

0.18 

P-124-2 

Sharpsburg 

A 

3-6 

— 

4.5 

0.05 

0.06 

0.12 

0.18 

0.84 

0.130.15 

0.21 

0.23 

P-124-4 


A-B 

9 -12 

— 

4.1 

0.07 

0.12 

0.19 

0.30 

0.55 

0.120.15 

0.16 

0.17 

P-124-7 


B 

18 -21 

— 

3.9 

0.10 

0.14 

0.20 

0.35 

0.58 

0.120.13 

0.13 

0.15 

P-376-1 

Haig 

A 

0 -6 

3.8 

4.6 

0.03 

0.05 

0.09 

0.17 

0.54 

0.070.17 

0.25 

0.25 

P-376-3 


A-B 

10 -12 

4.1 

4.5 

0.04 

0.07 

0.10 

0.12 

1.01 

0.000.08 

0.09 

0.12 

P-376-5 


B 

22 -28 

4.4 

5.0 

0.15 

0.05 

O.OD 

0.09 

0.78 

o.oe'o.oo 

0.10 

0.12 

P-76-2 

Seymour 

A 

4-8 

4.0 

4.5 

0.07 

0.05 

0.10 

0.12 

0.67 

0.060.06 

0.09 

0.12 

P.76-3 


A-B 

8 -11 

4.0 

4.4 

0.07 

0.07 

0.12 

0.14 

0.46 

0.060.05 

0.07 

0.08 

P-76-7 


B 

18 -21 

4.3 

4.3 

0.47 

0.08 

0.24 

0.24 

0.51 

0.050.12 

0.12 

0.13 

P.377-1 

Edina 

A 

0-5 

3.7 

4.1 

0.04 

0.11 

0.16 

0.24 

0.63 

0.040.09 

0.10 

0.16 

p.377-3 


A* 

10 -15 

4.1 

4.4 

0.11 

0.05 

0.12 

0.18 

0.34 

0.040.07 

0.03 

0.08 

P-377-6 


B 

20 -25 

4.4 

4.9 

0.63 

0.07 

0.08 

0.09 

0.23 

0.050.08 

0.06 

0.10 

P-139-1 

Taintor 

A 

0 -6 

— 

4.4 

0.000.08 

0.21 

0.250.48 

0.110.12 

0.150.15 

P-139-3 


A-B 

9 -12 

— 

4.0 

0.110.13 

0.24 

0.29 

0.32 

0.09 

0.09 

0.090.12 

P-139-7 


B 

21 -24 

— 

4.6 

0.12 

0.11 

0.16 

0.21 

0.29 

0.06 

0.09 

0.090.12 

P-101-2 

Fayette 

A 

1 - 3 

4.0 

4.3 

0.05 

0.06 

0.11 

0.15 

0.21 

0.01 

0.03 

0.060.10 

P-101-4 


A-B 

6-8 

3.9 

4.0 

0.07 

0.07 

0.10 

0.10 

0.23 

0.02 

0.04 

0.050.08 

P-101-6 


B 

10 -12 

4.0 

4.0 

0.10 

0.09 

0.13 

0.24 

0.29 

0.03 

0.08 

0.090.18 

P.119-1 

Fayette 

A 

0 - 3.5 

— 

4.6 

0.03 

0.10 

0.21 

0.23 

0.70 

0.06 

0.11 

0.230.23 

P-119-6 


A-B 

16 -19 

— 

4.2 

0.10 

0.10 

0.12 

0.14 

0.38 

0.06 

0.09 

0,100.10 

P-119-10 


B 

29.6-33.5 

— 

4.1 

0.08 

0.09 

0.19 

0.28 

0.40 

0.07 

0.08 

0.160.14 

P-4-2 

Weller 

A 

1,6- 4 

4.0 

4.4 

0.09 

0.00 

0.17 

0.17 

0.27 

0.03 

0.08: 

0.16 

0,17 

P-4-4 


A* 

6 -8 

4.2 

4.7 

0.12 

0.05 

0.18 

0.18 

0.34 

0.03 

0.08 

O.ll 

0.12 

P-4-8 


B, 

16 -19 

3.9 

3.5 

0.22 

0.06 

0.07 

0.14 

0.63 

0.04 

0.04 

0.11 

0.12 

P-7-2 

Marion 

A 

0 -3 

4.1 

4.5 

0.03 

0.06 

0.11 

0.13 

1.94 

0.030.08 

0.13 

0.13 

P-7-6 


As 

10 -12 

4.1 

4.6 

0.120.08 

0.10 

0.10 

0.61 

0.020.03 

0.020.06 

P-7-9 


B 

18 -21 

4.0 

4.8 

1.210.03 

0.07 

0.100.60 

0.040.060.070.09 

P.116-1 

Webster 

A 

0 -5 

4.6 

4.9 

0.100.08 

0.17 

0.180.53 

0.100.090.0710.12 

P-116-4 


A-B 

15 -19 

4.3 

4.60.130.08 

0.14 

0.140.47 

0.06 0.07 O.OOJO. 11 

P-116-6 


B 

23 -28 

4.6 

4.40.120.10 

0.09 

0.220.33 

0.090.090.080.10 

P-114-1 

Carrington 

A 

0 -6 

— 

4.10.040.06 

0.19 

0.22 0.250.07 0.06 0.09 0.10 

P-114-5 


A-B 

17 -21 

— 

4.40.080.08 

0.08 

0.13 0.18 0.04 0.03 0.02 0.03 

P-114-7 


B 

26 -31 

— 

4.20.090.07 

0.11 

0.14 0.27 0.04 0.03 0.04 0.05 

P-117-1 

Floyd 

A 

0 -6 

3.8 

4.10.110.08 

0.11 

0.170.250.040.060.060.08 

P-117-3 


A-B 

10 -15 

4.2 

4.30.10,0.09 

0.16 

0.18 0.300,03 0.03'0.02 0.04 

P.117-7 


B 

19 -23 

4.6j4.7j0.110.06 

0.070.07j0.34|0.04[0.04j0.03j0.06 


• Amount released while the soils were drjdng following removal of all the original 
replaceable cations. No other bases were released during the period, 
t me. » per 100 gm. 
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A relationship between soil parent material and K release is evidenced by the 
fact that the soils developed from glacial till or mixed till and loess showed a 
tendency to release less K than the soils developed entirely from loess. This is 
in agreement with the findings of Lawton.* No consistent differences in the rate 
of Na release between loess and till derived soils were apparent. 

The best examples provided in this study for relating the degree of soil de¬ 
velopment to Na and K release are found in the group of soils from the loess 
traverse in southwest and southern Iowa. The ratios of Na released to K re¬ 
leased in 1 year from these soils, arranged in order of increasing degree of horizon 
differentiation, are as follows: Marshall, 0.57; Sharpsburg, 0.78; Haig, 0.68; Sey- 

^ 0.20 
8 



Fio. 1. Avekagk RkliSass of Na and K from A and B Hobizons of 13 Sons Ddbino 

360 Days' Moist Incubation 

mour, 1.00; and I'Mina, 1.00. Thus there is some evidence of a trend toward a 
greater rcloasi' of Na rclativ(^ to K os the soils become more highly weathered. 

DIHCUKSION 

The interpretation of the results of this investigation is based upon conirideia- 
tion of the Na and K minerals likely to bo present in these soils, as well as upon 
what is known about the reactions of K in soils. 

The primary minerals which contribute K to soils include a variety of mi¬ 
caceous minerals us well as several of the feldspars. Some of the micaceous 
minerals are probably of secondary origin or at least have been notably altered 
by soil-forming processes. In soils of this region the micaceous minerals, such 
as Ulites, tend to be more common in the fine silt and coarse clay fractions than 
in other separates. Hutton^ found the 2-0.2/t clay from some of the soils studied 

'Lawton, K. Unpublisliod data. Iowa Agr. Exp. Sta. 

'Hutton, C. K. Tho morphology and genesis of prairie soils developed from Peorian 
loess in southweslom Iowa. 1948. [Unpublished Ph.D. thesis. Copy on file Iowa State Col- 
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here to be higher in total K than the coarser or finer fractions. It has also been 
well established by a number of investigators that soluble K is converted to 
difficultly replaceable forms upon contact with soil clays. The movement of K 
to and from the replaceable form in soils of the com belt has been outlined by 
Wood and DeTurk (15). The replaceable K of soils tends to be in equilibrium 
with the nonreplaceable forms. Once this equilibrium is disturbed either by 
additions or removals of replaceable K, movements to or from the nonreplace¬ 
able forms tend to restore the equilibrium level in the replaceable form. Attoe 
(1) has pointed out that the shift toward equilibrium is particularly rapid when 
the soil is dried. This was evidenced in these studies by the large amounts of 
K released when the leached samples were dried. 

Another factor in the K cycle is that plants growing on the soil tend to enrich 
the surface soil in K at the expense of layers immediately below the surface. 
Therefore, although the amounts of replaceable K and the rate of K release 
slowly decline as the soil loses K by leaching, the surface soil tends to lie behind 
the layers immediately beneath it in the extent of this decline. 

In contrast to the situation with K, the feldspar group of minerals would be 
the only source of most of the Na released in these soils. Furthermore, the Na 
feldspars are not likely to be found in the finer size fractions of soils of this 
region. For example, Hutton (6) found that the Na contents of clay fractions 
isolated from some of the soils studied here were very low. It has also been 
pointed out by Jackson e< ol. (7) that the presence of albite as a major constituent 
of the clay fraction is to be expected only in soils of a somewhat less advanced 
stage of weathering than those studied here. Most of the Na released in these 
soils, therefore, probably originated from silt-sized particles. Once activated by 
decomposition of the feldspar minerals, the Na would remain in replaceable or 
water-soluble forms until leached out of the soil or removed by crops, since Na 
is not a common constituent of secondary minerals, nor is it appreciably fixed 
in difficultly replaceable form by the clay fraction of soils (8). 

Since the surface soils studied here tended to release more Na than was orig¬ 
inally present in the untreated soils, it seems unlikely that the original replace¬ 
able Na content represented an equilibrium controlled by the solubility of the 
Na-feldspars. The fact that Na release was continuing even at Ihc later stages 
of the release experiment also indicates that an equilibrium level was not being 
approached. It does not appear that the solubility of the Na-feldspars was 
greatly increased by saturation of the soils with H+, since a few preliminary 
trials indicated that Ca++-saturated soils released at least as much Na as did 
the same soils when saturated with H+. Another significant point is that, among 
the soils considered here, the highest amounts of replaceable Na were found in 
B horizons of soils in which leaching is restricted by the nature of the subsoil. 
A similar, although much greater, accumulation of Na in the B horizons of 
highly weathered claypan soils of Illinois has been reported by Smith (10). 

It appears, then, that the amount of replaceable Na in these soils is the result 
of a balance between a slow but steady release of Na from the silt and the leach¬ 
ing loss of Na from the profile. The results of Stauffer (12) showing that rather 
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large amounts of Na were leached out of lysimeters containing some similar soils 
arc in accord with this point of view. 

Within the limits of the degrees of soil weathering represented by the soils 
used Iierc, there was no distinct trend in the rate of Na release with weathering. 
This may be because relatively coame particles constitute the source of the Na 
released. Since the Na comes from coarser materials than the K, the positions 
of the Na minerals and the K minerals in weathering sequences such as pro¬ 
posed by Goldich (5) are reversed. This is in agreement with the observations 
of Jackson ei al, (7) on the particle-size function in the weathering sequence. 

TABLE 2 


Replaceable sodium content of Towa soils 


SOILS 

mjMBEB OP 
SAMPLES 

SEPLACEASLI 

Range 

cNa 

Average 



me. f 100 gm. 

me./lOO gm. 

Developed from glacial drift 




Mankato 




llarpster. 

8 

0.05 to 0.17 

0.10 

Webster . 

8 

0.10 to 0.24 

0.15 

Clarion-Nicollctt . 

2 

0.07 to 0.13 

0.11 

Iowan 




Carrington-Floyd . 

6 

0.04 to 0.11 

0.09 

Developed from loess 




Deep loess 




Marshall-Sharpsburg. 

8 

0.05 to 0.27 

0.13 

Tama-Muscatinc . 

4 

0.09 to 0.22 

0.16 

Thin loess 




Grundy-Ilaig-Scymour-Edina. 

7 

0.07 to 0.13 

0.11 

Fayette-Weller. 

2 

0.03 to 0.09 

0.06 


In regard t.o the total amounts of Na and K released within 1 year, it must 
be kept in mind that. t.he replaceable ions were allowed to accumulate in the 
soil for the (mtam period. Had the ions been removed from time to time during 
the exporimont, K release might have increased relative to Na release. 

Table 2 shows the results of a survey of the replaceable Na contents of the 
surfa(*.e horizon of a large number of Iowa soils. The soils do not differ greatly 
in the amounts of rc^placcablc Na, although the more highly leached soils tend 
to be low. The amounts of replaceable Na arc in the same range as that found 
by othcjr investigators (2, 10, 14) working with soils from the humid regions. 
On an average, about five times as much replaceable K as replaceable Na was 
present. Apparently, the equilibrium between release and leaching losses is rather 
constant in soils of this region, and thus the soils do not differ greatly in the 
amount of mplaceablc Na present. 

SUMMARY 

The amounts of replaceable Na and K and the rates of release of these two 
elements from nonreplacjoablc to I’cplaceablo forms in a number of Iowa soils 
have been studied. Samples from three horizons from 13 soil profiles were freed 
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of replaceable bases, H+-saturated, and incubated at field capacity moisture 
contents. At the end of 60, 180, and 360 days, aliquots were removed and re¬ 
placeable Na and K determined. 

In general, more Na than K was released during 360 days of incubation. The 
range in amounts of Na released T\as from 0.05 to 0.35 me. per 100 gm. with 
an average of 0.17 me. The amoimts of K released varied from 0.03 to 0.25 me. 
per 100 gm., with an average of 0.12 me. The soils originally contained averages 
of 0.09 and 0.50 me. of replaceable Na and K per 100 gm., respectively. 
Significant amounts of K, but no Na, were released from nonreplaceable forms 
during the short period of drying of the acid-washed soils prior to incubation. 
The rate of release of Na was not greatly reduced with advanced time after re¬ 
moval of the replaceable bases. In contrast to Na release, the rate of release of 
K declined sharply during the later stages of the release experiment. 

No consistent relationship between the amount of Na release from the A 
horizon and the degree of soil development was apparent in these studies. 

The replaceable Na content of the A horizon of 42 soils studied showed a 
range of 0.03 to 0.27 me. per 100 gm., with an average of 0.13 me. The amount 
of replaceable Na in a soil appears to be the result of an equilibrium between 
a rather steady release from nonreplaceable forms and loss through leaching. 
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The many contemporary papers on the fbcation of phosphate in the soil be- 
speak the importance of the phenomenon. Most soils rapidly convert the soluble 
phosphate of conventional fertilizers into relatively insoluble forms, thus im¬ 
mobilizing much of the phosphate in the region of its original placement and 
greatly decreasing its availability as a plant nutrient. 

Of the various forms in which phosphorus may be held by the soil, the most 
significant appear to be certain calcium phosphates (1, 4, 10), exchangeable 
combinations with clay and hydrous oxides of iron and aluminum (11, 18, 23), 
and phosphates of iron and aluminum (6, 8, 13, 14, 15, 16, 20, 26). Despite a 
large number of investigations, however, the exact nature of the reactions of 
phosphorus with the soil constituents is poorly understood, presumably because 
of the difficulty with which the products of the fixation reactions are detected 
and identified in soil systems. 

The present paper describes measurements of the rate of fixation of phos¬ 
phorus by relatively pure preparations of individual clays and hydrous oxides 
of iron and aluminum under various conditions of temperature, pH, and con¬ 
centration of phosphate. The paper also presents observations relative to the 
nature of the reactions of phosphate with the several soil miT)«»r a.1a, In the fol¬ 
lowing discussion the term “fibcation” is used in a broad sense to indicate any 
reaction whereby phosphate is converted from a rdatively soluble to a relativdy 
insoluble form. 


FIXATION BXPEEIMENTS 
Preparation of matericUs 

Kaolinite, illito, and montmorillonite were separated as < 0.3 -m fractions by 
centrifuging dispersions of high-grade natural cla]^ and were converted to the 
hydrogen form by clectrodialysis. The montmorillonite was a sodium bentonite 
marketed by the American Colloid Company under the trade name Volday. 
The illite was obtained from the Illinois State Geological Survey, and the kao¬ 
linite from the Georgia Kaolin Company. The hydrogen clays were not allowed 
to dry after the electrodialysis but were kept as 5 or 10 per cent aqueous sus¬ 
pensions until ready for use. The appearance of the cla 3 ^ in the electron micro¬ 
scope and their x-ray diffraction patterns indicated that they were relatively 
pure. 

‘ Research Section, Division of Chemical Engineering, Tennessee Valley Authority, 
Wilson Dam, Alabama. The microsoopio examinations of materials and products were 
made by J. R. Lehr and the x-ray diffraction studies by J. P. Smith. 
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Gibbsite was prepared by chemical precipitation. A < 2-/* fraction, separated 
by decantation from a dispersed suspension and dried at 50®C., was used for 
the tests. The separate gave a sharp x-ray diffraction pattern of gibbsite, 
AljOj’SHaO. 


TABLE 1 


Composition of minerals used in phosphate-fixation studies 


lOMEXAL 

SiOa 

AltOi 

FesOi 

BsO* 

EsO 

MgO 

CaO 

IQiaTXON 

LOSS* 


% 

% 

% 

% 

% 

% 

% 

% 

Montmorillonite.... 

55.5 

20.0 

3.8 

0.03 

0.13 

2.8 

1.1 

14.3 

Ulite. 

49.4 

25.4 

6.9 

0.31 

6.0 

2.3 

0.05 

8.2 

Kaolinite. 

45.2 

38.4 

1.2 

0.15 

— 

— 

— 

15.4 

Gibbsite. 

0.1 

65.4 

0.1 

0.03 

— 

— 

— 

31.7 

Goethite. 

5.7 

5.5 

75.3 

0.78 

— 

— 

— 

13.6 


* Ignition temperature, 1,000®C. 



PHOSPHATING SOHJTION O-OIM FO4 

Fig. 1. Effect op Tempbratiteb on the Fixation op Phosphate bt Olay Minerals 

Goethite, Fe 203 *H 20 , was prepared by wet-grinding selected specimens of the 
natural mineral with steel balls in a porcelain jar, recovering the < 2 -m fraction 
by decantation, and drying the product at 95° C. 

The chemical composition of the clays and hydrous oxides is shown in table 1. 
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Rate of phosphate fixation 

J?h6 rate at which the minerals fixed phosphate from aqueous solutions of 
potassium phosphate was measured at 26°, 50°, and 95°C. The solutions were 
prepared from potassium hydroxide and orthophosphoric acid; they were 0.01, 
0.1, and 1.0 M with respect to phosphate and were at pH’s of 3, 5, and 7. 

A 2-gm. charge of mineral was dispersed in 25 ml. of water in a 250-ml. centri¬ 
fuge bottle, and 200 ml. of a phosphate solution was added. The sample was 
kept in a constant-temperature bath for a predetermined period and was ahnt-on 
by hand at frequent intervals. Solid and solution then were separated by centri¬ 
fugation and decantation. The solid was waj^ed centrifugally in successive 
200-n3l. portions of aqueous ethyl alcohol. Because of the insolubility of potas- 



FtG. 2. Fixation of Puosi’Uatb by Ili.itid as a Function of the PO 4 Content of the 

PiiospuATiNG Solution 

slum phosphate in alcohol, the alcohol content of the wash solutions was adjusted 
to the salt content of the sample. When the phosphating solution was 1.0 Af, 
the solid was washed once with 20 per cent, once with 50 per cent, and then 
several times with 80 per cent alcohol. When the phosphating solution was 0.1 
or 0.01 M, the solid was washed once with 50 per cent and then repeatedly with 
80 per cent alcohol. Five washes generally proved ample. 

The fixed phosphate was determined by chemical analysis of the treated 
minerals. The results, as computed on the basis of the treated minerals after 
ignition, are plotted to show the relative rates of fixation in figures 1 to 5. All 
the minerals showed an initial rapid rate of reaction with phosphate in the pe¬ 
riod from 0 to 0.5 hour and a subsequent slower rate. This phenomenon has 
been observed by other investigators and is indicative either of two mechanisms 
of fixation or of two manifestations of the same mechanism. 
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Fig 3 Fixation of Phosphate by KIaolinite as a Function of thl. POi Content 
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Fig. 4, Fffbct of pH on the Fixation op Phosphate by Clay Minerals 
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The rate of fixation by the clay minerals increased with rise in the temperature 
(fig. 1), with increase in the concentration of solute phosphate (figs. 2 and 3), 
and with lowering in the pH (fig. 4). As shown in figure 5, the rate of fixation 
by the hydrous oxides also increased somewhat with increase in the temperature 
but was relatively rapid even at 26®C., whereas the pH had little effect. In 
general, the decreasing order in which the minerals fixed phosphate under the 
experimental conditions was: gibbsite, goethite, illite, kaolinite, montmorillonite, 
the rate for gibbsite being much higher than for the others. The clays were 
variable, however, in their relative reaction rates at high temperatures and high 
concentrations of phosphate. 


I 



Fia. 6. Effects op Tbmpebatubb and pH on the Fixation op Phosphate by 

Gibbsite and Gobthite 

Some of the clays that had fixed high proportions of phosphate were found 
by microscopic examination to contain distinct hexagonal-shaped crystals. A 
concentrate of the crystals, separated by sedimentation from a phosphate-treated 
illite, was subjected to x-ray diffraction analysis. The interplanar spacings were 
amilar to those of palmerite (2). Dana (9) gives the composition of palmerite 
as HK 2 Al 2 (P 04 )r 7 Il 20 . Palmcritelike crystals also were identified microscop¬ 
ically in clays that had been alternately wetted with phosphate solution at pH 
3 to 5 and dried at room temperature. 

The detection of these crystalline products of the treatment of clays with 
phosphate, together with the possibility that such products might reflect a 
mechanism of phosphate fixation in the soil, prompted a study of substituted 
forms of palmerite. 

PREPARATION AND PROPERTIES OP SUBSTITUTED PALMBRITBS 

Reference to the observation of palmeritelikc minerals in the soil or in phos¬ 
phate-fixation tests was not found in the literature. Bannister and Hutchinson 
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(3) reported, however, that soil conditions sometimes are favorable for the for¬ 
mation of palmerite and suggested that it may be one of the forms in which 
phosphate becomes fixed in the soil. Murphy (22) and Stout (25) reported ex¬ 
periments in which the structure of clays of the kaolinile group was altered by 
phosphation. Both Murphy and Stout ground their clays severely in a ball mill, 
a treatment likely disruptive to the clay lattice (19, 21, 24), and the structural 
alteration observed by them may have been influenced by the grinding. The 
x-ray pattern reported by Stout for phosphated halloysite is similar to that of 
palmerite. 

Ford (13) concluded from phosphate-fixation tests with gibbsitc and goethite 
that crystalline aluminum and iron phosphates were formed, although he could 
not establish the specific mineral species from x-ray patterns. Unfortunately he 
did not report the diffraction lines. 

Ensminger (12) recently showed that ammonium aluminum phosphates, ap¬ 
pearing crystalline on examination by x-ray diffraction, are produced by the 
reaction of ammonium phosphate with kaolinite, aluminum oxide, and soil col¬ 
loids. Similar ammonium aluminum phosphates were produced by mixing solu¬ 
tions of aluminum chloride and ammonium phosphate. Ensminger did not iden¬ 
tify his compounds, but they probably were palmeritelike products. 

Palmerites from the treatment of soil minerals with phosphate. 

The preparation of substituted palmerites in relatively pure form was at¬ 
tempted by phosphate treatment of the clays, montmorillonitc, illite, and kao¬ 
linite, as well as the hydrous iron oxides, goethite and limonitc. The < 0.3-ai 
hydrogen clays and the < 2-g goethite were those described in a preceding 
section. The limonitc was a specimen of relatively pure bog limonite that was 
ground to < 2 m- 

The phosphating solutions were ammonium, potassium, and sodium phos¬ 
phates, 1 .0 M with respect to PO 4 and at pH 3.0 or 5.0, as well as magnesium 
and calcium phosphates, 0.1 M with respect to PO 4 and at pi I 3.0. The solu¬ 
tions were prepared by addition of the respective hydroxides to phosphoric 
acid. 

A 10- or 20-gm. charge of a given mineral was treated at 95®C. for three 5- 
day periods with successive 500-ml. portions of a phosphating solution. 

Abimdant crystals, 2 to 20 m, were formed when the clays were treated with 
alkali or ammonium phosphates. The crystals were washed and separated in 
relatively pure form by dispersing the solids repeatedly in distilled water and 
decanting off the fine clay and silica. The goethite and limonite also produced 
crystalline phosphates of relatively large size, but the phosphate crystals gen¬ 
erally contained many inclusions of unreacted oxide. 

The products from most of the treatments with calcium and magnesium 
phosphates were contaminated with dicalcium or dimagnesium phosphate, and 
identification of the aluminum iron phosphate phase was uncertain. From a few 
of the magnesium phosphate treatments, however, relatively pure crystalline 
aluminum iron phosphates were isolated. Microscopic examination indicated 
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that the aluminum iron phosphates produced in the calcium phosphate treat¬ 
ments were of the same crystal form as those produced in the magnesium phos¬ 
phate treatments. 

The chemical composition of the washed crystalline phosphates is shown in 
tabic 2. The data of tabic 3 were obtained from x-ray dijffraction patterns, and 
figure 6 shows photomicrographs of typical crystalline products. 

TABLE 2 


Chemical composition oj crystalline products of the treatment of clays and hydrous iron oxides 

with phosphate 


FHOSPHATING 

SOLUTION 

SOIL MINLBAL 

ADDED BASE 

AlsOi 

FejOi 

PsO» 

SiO» 

ill 

PROD¬ 

UCT 

NO. 



% 

% 

% 

% 

% 

% 


Ammonium 

Montmorillonite 

4.4 NH4 

28.0 

6.1 

42.5 

3.3 

22.3 

1 

phosphate t 

Illite 

5.5 

23.7 

6.8 

40.2 

8.3 

21.0 

2 

Kaolinite 

5.7 

29.0 

0.9 

45.0 

1.5 

24.5 

3 


Goethite 

4.0 

3.5 

59.3 

17.8 

2.5 

14.9 

4§ 

Potassium 

Montmorillonite 

10.3 K2O 

16.5 

3.0 

39.6 

9.6 

21.0 

5 

phosphate f 

mile 

10.8 

18.3 

6.3 

43.7 

0.8 

22.3 

6 

Kaolinite 

11.2 

20.4 

0.9 

44.8 

1.3 

22.0 

7 


Kaolinito 

12.9 

25.6 

0.6 

35.6 

9.7 

15.9 

8 


Goethite 

10.6 


44.3 

31.9 


12.1 

9 


Limonite 

11.6 


39.8 

34.8 


12.6 

10 

Sodium phos- 

Illite 

10.3 NasO 

17.5 

6.0 

48.5 

1.5 

17.0 

11 

phatot 

Kaolinite 

8,6 

23.8 

0.7 

49.2 

2.0 

16.0 

12 

Goethite 

3.7 

3.8 

54.5 

18.3 

3.3 

14.3 

13§ 

Magnesium 

Illite 

tr. MgO 

26.1 

8.5 

40.8 

5.3 

18.9 

14 

phosphatet 

Kaolinite 

0.8 

31.2 

0.6 

40.0 

21.6 

6.011 

15 

Goethite 

0,9 

0.9 

69.6 

8.5 

4.0 

14.6 

16§ 


♦ Ignition temperature, 1,000®C. 

t Solution at pll 3. 

i Solution at pH 5 for kaolinito product 8; at pH 3 for others in group. 

§ Product contained much unroactod goethite. 

II Low ignition loss attributable to high drying temperature (176®C.). 

Tho over-all fmdmga from Iho chomical analyses, x-ray analyses, and optical 
studies indicate that the products resultant from treatment of the soil minerals 
with phosphates of ammonium, potassium, and sodi\im were members of an 
isomorphous series of aluminum iron phosphates with the general compoation, 
t(H, Na, K, NHi)i, Fe, AllPO^-nHaO, where Fe plus A1 is greater than 0 but 
less tbftn 1. The x-ray patterns of these minerals were amilar to that of pal- 
merite with some spreading and shifting of lines, presumably because of cation 
substitutions or differences in water of hydration. 

The products produced with magnesium phosphate gave x-ray diffraction pa- 
tems almost identical with that of barrandite (2). This identification was verified 
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by the chemical composition and optical properites of the compounds, and it is 
concluded that these preparations were members of the variscite (AIPO4-21120), 
barrandite (Al, Fe)P04*2H20 , strengite (FeP04-21120) isomorphous series. 

TABLE 3 

X-ray diffraction patterns of crystalline products of the treatment of clays and limonite with 

phosphate 


FHOSPHATED FSOOUCTS AS ITOVSE'RED IN LAST C0LT7MN 07 TABLE 2* 


A.S.T.M. (2) 

6 

5 

1 ® 

3 

12 

1 

d 

Hi 





d 

Inten. 

sityt 

d 

Inten- 

aityt 

d 

Inten- 

sityt 

d 

Inten- 

sityt 

A. 


A, 


A, 


A. 


A, 


A. 


A. 


16.6 

1.0 

16.7 

VS 

|14.1 

S 





8.9 

VS 





7.9 

MW 











7.6 

0.8 

7.4 

M 

7.4 

M 



7.5 

MW 

7.7 

s 

7.1 

VW 





6.95 

W 

6.8 

S 

6.7 

VS 



6.7 

s 





6.52 

VW 









5.8 

0.6 

5.8 

M 

6.57 

M 

6.5 

S 

6.8 

vs 

6.8 

w 

5.9 

s 

6.1 

0.2 

6.03 

MW 



4.9 

w 



6.14 

VW 



4.72 

0.4 

4.67 

VW 



4.6 

VW 

4.61 

M 

4.76 

MW 

4.7 

w 











4.48 

W 



4,39 

0.6 

4.31 

M 

4.34 

M 

i 

VW 

4.27 

W 

4.28 

MW 

4.2 

w 





4.15 

MW 

4.15 

w 

4.13 

MW 

4.15 

W 





4.02 

w 



4.07 

VW 



3.88 

w 

4.04 

w 

3.82 

0.8 

3.78 

MS 





3.70 

MW 

3.75 

s 



3.68 

0,6 

3.56 

M 

3.68 

w 

3.64 

VW 



3.64 

w 

3.63 

w 





3.42 

S 

3.39 

w 







3.34 

0.5 

3.33 

W 



3.34 

w 

3.32 

W 



3.35 

w 



3.28 

W 



3.22 

MW 



3.22 

MW 



3.15 

0.8 

3.12 

MS 

3.16 

MW 

3.15 

MW 











3.04 

W 

3.07 

w 

3.00 

MS 

3.04 

vs i 

8.04 

s 

2.96 

0.8 

2.90 

M 

2.90 

w 

2,91 

MW 

2.94 

MS 



2.98 

MS 

2.84 

0,8 

2.81 

M 

2,79 i 

MW 

2.78 

MW 

2.80 

MS 

2.86 

w 

2.82 

MS 

2.73 

0.2 

2.71 

MW 











2.63 

0.7 

2.62 

MS 

2.66 

w 



2.62 

S 

2.63 

MW 

2.65 

MW 


* Radiation, Cm K a; camera diameter, 14.32 cm. 

t VS, very strong; S, strong; MS, medium strong; M, medium; MW, medium weak; W, 
weak; VW, very weak. 


Most of the crystalline phosphates were of sujficient purity to afford an ap¬ 
proximation of their empirical formulas by means of their chemical analyses, 
particularly since the microscope showed that only one phosphate phase was 
present in a given sample and that the impurities were mostly silica and unde¬ 
composed parent minerals. Table 4 lists such formulas; they were calculated on 
the assumptions that (a) the silica was either free or present as unreacted min¬ 
eral, (b) any excess alu m i n u m or iron was present as unreacted mineral, (c) the 
water was equal to the ignition loss or to the ignition loss minus the ammonia, 


REACTIONS OP PHOSPHATE WITH CLAYS 


265 


and (d) when necessary, hydrogen should be included in the formula to balance 
excess phosphate, such hydrogen being subtracted from the water of hydration. 

The optical properties of the crystalline phosphates varied somewhat with 
cation substitutions in the lattice. Increases in the iron in the lattice caused in¬ 
creases in the indexes of refraction, birefringence, and optic angle of the crystals, 
and the products became lemon-yellow or greenish yellow. With substitution of 
ammonium for potassium plus hydrogen, or for sodium plus hydrogen, the crystal 
symmetry shifted from orthorhombic to monoclinic. Often the indexes of re¬ 
fraction and color of crystals within the same product varied appreciably, al¬ 
though the crystal form was homogeneous. The increases in the intermediate 

TABLE 4 

Empirical formulas for products of the treatment of clays and hydrous iron oxides 

with phosphate 

)UCT NO.* I EMPIMCAl rOSMUXA 


(Nn4)i.2Al2.,Feo.3(P04)3-5.0H20 

(NH 4 )i. 7 Ali.»Feo. 5 (P 04 ) 3 * 4 . 7 H 20 

(NIl4)l.5Al2.4Feo.l(P04)3*6.0H20 


0 

lli.8Ki.2Ali.8Feo»2(PO i)8 *5.41120 

0 

IIi. 8 lCi.iAli. 8 Feo» 4 (P 04 )s *5.41120 

7 

rri.2Ki.iAlx.2Feo.i(P04)8-4.8H20 

8 

l\.1.7Al3.4Feo*04 (P04)8*5.3H20 

9 

Ki.5Fe2.6(P04)8-4.5H20 

10 

Ki.6Fe2.6(P04)8-4.3H20 

11 

IIw.iNai. sAli. sFe o s(PO 4 )8*3. 2 H 2 O 

12 

lIl. 7 lSra 1 . 2 Al 2 . 0 Fe 0 .04(P04)8*2.71120 

14 

(Alo.8Feo.2)PO,*1.8H20 

15 

(Alo.9»Feo«oi)P04*0,6Il20t 


* As lisloil ill Iasi column of table 2. 

t Low value for water of hy<lration attributable to drying at 175°C. prior to determina¬ 
tion of ignition loss. 

indc'x of rofract/iou and the birofringcnco of the various compounds, as affected 
by increase in iron conUuit, are shown in a general way through the following 
tabulation: 


MONOVALENT BASS 

HIOSPUATS HZOn XN A1 

PHOSPHATE HIGH IN Fe 

1 

rSESSNT 

P 

Birefringence 

<3 

Birefringence 

Nn4 

1.5GC 

0.008 

1.660 

0.020 

Na 

1.540 

0.008 

1.648 

0.060 

K 

1.540 

0.010 

1.620 

0.045 


The pll of tho phosphating solution appeared to have some influence on the 
crystal habit of the product. In potassium phosphate solutions at pH 3 , for ex- 
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ample, pseudohexagonal, tabular crystals similar to kaolinite were formed, 
whereas in potassium phosphate at pH 5, prismatic crystals were formed (E 
and F, fig. 6). 

With sodium phosphate at pH 3.0, pseudohexagonal crystals similar to those 
produced with potassium phosphate at the same pH were formed (A and B, 
fig, 6). On the other hand, ammonium phosphate always gave prismatic crystals 
with frequent staurolitic twins (C, fig. 6). The crystalline phosphates produced 
from limonite and goethite were poorly formed, highly twinned, and were always 
orismatic (D, fig. 6). 


Precipitated palmerites 

In view of the results obtained by phosphate treatment of the clays and 
hydrous oxides of iron and aluminium, it seemed likely that products with a 
palmerite structure might be formed by direct precipitation of iron and alum¬ 
inum phosphates from solutions containing the monovalent ions Na+, K+, and 
NH4+. 

Ten-gram charges of goethite and gibbsite were dissolved in boiling concen¬ 
trated phosphoric acid or a mixture of this acid and sulfuric acid. The solutions 
were diluted to 100 ml., filtered, and further diluted to about 400 ml. To the 
boiling filtrates, solutions of potassium or ammonium hydroxide or suspensions 
of calcium or magnesium oxide were added slowly until a heavy precipitate 
was formed. In another experiment, 10 gm. of gibbsite was dissolved in a boiling 
solution of 30 gm. of potassium hydroxide in 50 gm. of water. The solution, 
diluted to 400 ml., was heated to boiling, and dilute phosphoric acid was added 
slowly until a heavy precipitate was formed. The final pH of each mother liquor 
was determined. The precipitates were washed with water, analyzed chemically, 
and their x-ray diffraction patterns determined. The results are summarized in 
table 5. 

Products 17 and 18 (table 5) appeared to be potassium palmerites, and their 
x-ray patterns were almost identical with those of the products obtained through 
potassium phosphate treatment of clays. In products 19 and 20, ammonium 
was substituted for potassium, and the products still showed the characteristic 
pattern of palmerite, the precipitates varying in composition with the relative 
concentration of the ions in the substrate. 

Product 23 (table 5), which was obtained by addition of calcium oxide to an 
aluminum phosphate solution, appeared amorphous in an x-ray examination, 
but its calcium content suggests that it may have been a calcium aluminum 
phosphate. Product 22, which resulted from the addition of magnesium oxide 
to an aluminum phosphate solution, was a hydrous aluminum phosphate similar 
in composition to that produced by treatment of clay with magnesium phos- 
ifiiate. 

It appears that substitution of either ammonium or potassium for only a 
small fraction of the aluminum in aluminum phosphate is suflBlcient to yield a 
product characterized by a palmerite structure. It is possible, however, that the 
precipitates that were low in potassium and ammonium were mixtures of a pal- 
meritelike material and an amorphous aluminum phosphate. 
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Fio 6 PnoroMicnocRvinis oi CRvsivrriM Prouicis or thl Phowhvtiont 
Oi Cr vies VNU LiMONIll 

A potdssmmpilmonlphomilhtP (p.oduttb) B sodium palmeute tiom illite (pi oduet 

11), C ummomum p.lmoutc liom ku.luutr (ptoducl 3). D 

hnumle (pioducl 10), L iK>t issium pilmoiitc liom kioliuitc pH 3 (piodutt /), F, potas 
Slum paliiK iito liom k lohnite, pH 5 (pioduct S) Pioduct numliois ictei to 1 ist column ot 


table 2 
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Cole and Jackson (7) recently prepared iron and aluminum pliosphates by 
mixina, solutions of sodium hydroxide with slightly acid solutions of iron or alum¬ 
inum chloride containing an excess of phosphate as potassium or sodium phos¬ 
phate. "rhe resulting compounds appeared ainor])hous when subjected lo x-ray 
examination hut gave detinite electron dilTraction patterns. When the fresh 
precipitates were digested at 70° to 100°C\, the size of tlie (*rystals increased 
without a change in crystal species, and the compounds then ga\'e sharp x-ray 
(infraction patterns. C’olc and Jackson concluded that variscite and sterretite 
were present in the aluminum phosphate precipitates and that strengite was 


TABLE 5 

Chemical composition and x-nuj diffraction patterns of iron and aluminum phosphates 
precipitated in the presence of the ions ^ Cff'C and M(j^ ‘ 


MINER VL 
DISSOLVED 

(1(1 £?m ) 


(Jil)bRitc 


SOLVENT 



PFRcrST VOL COMPOSITION OI PRIfIPITVri 


0 

- 


PRi.riPi- 

a 

- - 

— 

- 




T\pr X-R\Y 

e 

Compn 

Mlion* 

■w 

■3 

rVNT 

/■ 

NITi 

KiO 

A1.0, 

Fl.O. 

P.0.^, 

iRDl 

lion 

loss 1 

PVTrr.RN 

§ 

h 













ILSOt 

57 

KOH 

1 4 


11.0 

20 S 


43.4 

24.8 

Palmorilo 

17 

ILPOi 

40 











II.SO 4 

20 

KOTI 

1.8 


0.7 

22 0 


35.2 

34.0 

Palme rite 

18 

H 3 PO, 

15 











H.SO, 

25 

Nil ,011 

2 2 

0.8 

5.5 

21 3 


37 0 

30.2 

Palmonlo 

10 

ILPOi 

20 

KOII 










ILSOi 

25 

xn,oii 

2,0 

l.S 


27.8 


43.1 

28.2 

Palmorito 

20 

1 H 4 PO 4 

20 











KOH 

80 

ILPO, 

S.4 


17.4 

28 2 


37.8 

15 7 

Amorphous 

21 

1 IL 8 O 4 

' 25 

MgO 

3.8 

0.0 (MgO) 


34.0 


40.4 

17.2 

Very ueak 

22 

rLP04 

1 20 











H,P()i 

' 50 

CaO 

2.1 

4.0 (CaOl 


25.0 


48.1 

20.2 

.\morph()UH 

23 

IT .SO, 

^ 4S 

KOII 

0.8 


3.5 

0.7 

3<) 0 

34.1 

10 1 

Amorphous 

24 

1 iI>P(),l 10 










1 11 . SO 

' 10 

KOII 

0.1 


14 1 

0 1 

27 0 

1 43.3 

13.2 

V(‘rv \v(*ak 

25 

II PO 

45 











*■ IljSOi, {>0 per e(‘ut solution; lI.POi, SO p(‘r cent solution; KOll, 3S per cent solution 
t Ignition temperature, 1,000°0. 


present in the iron phosphate preparations. The diffraction pattern of the com¬ 
pound they identified as sterretite is the same as that shown l)y product 8 in 
table 3 of the present report. Apparently’' palmeritelike compounds were present 
in some of the precipitates of Cole and Jackson. This conclusion is further sup¬ 
ported by the electron photomicrographs of some of the preparations of Cole 
and Jackson which show tabular hexagonal-shaped crystals very similar to the 
sodium and potassium palmerites shown in figure () (A, B, and E). 

Solubilities of 'palmcHtes 

Rough solubility measurements on several of the ammonium aluminum and 
potassium aluminum palmerites showed that they were nearly insoluble (2 to 
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4 ppm.) in distilled water and in Truog’s reagent (27) for measurement of the 
readily available phosphorus in soils, that they were moderately soluble (100 
to 500 ppm.) in a 1 per cent solution of ammonium hydroxide and in neutral 
0.5 M ammonium fluoride, and that they were very soluble in a 1 per cent solu¬ 
tion of sodium hydroxide. Qualitatively, the iron palmerites appeared to be less 
soluble than the aluminum palmerites. 

RELATION OP PRESENT OBSERVATIONS TO MECHANISM 
OP PHOSPHATE PIXATION 

The results of the present fixation experiments agree with those reported by 
other investigators in that they show two stages of phosphate fixation, a rapid 
initial reaction and a subsequent relatively slow reaction. Black (5) attributed 
the slow fixation to a gradual penetration of phosphate into the mineral lattice 
with a resultant replacement of internal hydroxyl ions. Later, however, he and 
Low (20) indicated that the slow fixation may be due to a decomposition of 
clays by phosphate in the soil solution with a resultant precipitation of iron 
and aluminum phosphates. The present results support Low and Black’s view 
of the mechanism of the slow fixation. 

The rapid initial fixation has been attributed by Dean and Rubins (11), by 
Kelly and Midgley (18), and by Ravikovitch (23) to an exchange of phosphate 
ions in the solution for hydroxyl ions on the surfaces of the mineral particles. A 
further insight into the mechanism of the rapid fixation is given in experiments 
reported by Wood and DeTurk (28) and by Hoover (17). These authors showed 
that both the exchangeable potassium and the fixed potassium were greater in 
soils that had been treated with potassium phosphate than in those treated 
with potassium chloride, and similar observations have been made in unreported 
experiments by the present authors. 

It appears, therefore, that compounds chemically similar to palmerite may 
form during the initial stage of phosphate fixation in acidic soils that contain 
potassium, ammonium, or sodium, together with phosphate. Also, compounds 
similar chemically to variscite or strengite may form during the initial stage of 
phosphate fixation in acidic soils that have a very low concentration of these 
monovalent cations. Thus, the rapid rates and the slow rates of fixation probably 
reflect the same general type of chemical reaction. 

The rapid fixation is believed to result from a combination of phosphate ions 
with superficial ions of aluminum and iron that are held in the extremities of the 
lattice or by exchangeable attachment on both the clays and the hydrous oxides 
of iron and aluminum. The product of this reaction initially is relatively soluble 
and presumably is readily available to plants, but its solubility decreases gradu¬ 
ally, probably as a result of crystallization and partial dehydration to form phos¬ 
phates similar to palmerite, variscite, or strengite. The escape of such products 
of the fixation reactions from detection in natural soils is believed to result from 
the extreme smallness of the crystals that likely are formed through the prepon¬ 
derantly superficial type of fixation that occurs at the low concentt*ations of 
phosphate normally present in soils. Furthermore, palmeritelike phosphates are 
difiScult to distinguish from such clay minerals as kaolinite, halloysite, and 
nontronite by either optical or electron microscopy. 
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SUMMARY 

Phosphate-fixation experiments were made on the minerals montmorillonite, 
illite, kaolinite, gibbsite, and goethite at temperatures of 26®, 49®, and 95® C., at 
pH’s of 3, 5, and 7, and at 1.0, 0.1, and 0.01 M concentrations of phosphate. All 
the minerals were characterized by two stages of fixation, one progressing at a 
rapid rate and one at a much slower rate. It was concluded that both stages of 
fixation probably proceed through the same chemical reaction, that the rapid 
fixation results from the reaction of phosphate with readily available aluminum 
and iron, and that the slow fixation results from the reaction of phosphate with 
aluminum and iron that are released through decomposition of the respective 
minerals. 

The rate of fixation by the clays, montmorillonite, illite, and kaolinite, in¬ 
creased with rise in temperature, with increase in concentration of phosphate, 
and with lowering in pH. The rate of fixation by the hydrous oxides, gibbsite and 
goethite, increased with rise in temperature but was affected little by variation 
in pH in the 0.1 M phosphate solutions. The decreasing order in which the 
minerals fixed phosphate generally was: gibbsite, goethite, illite, kaolinite, mont¬ 
morillonite. 

Complex iron and aluminum phosphates that showed x-ray diffraction pat¬ 
terns similar to the palmerite pattern were identified in some of the phosphate- 
treated clays. Relatively pure preparations of these phosphates were made by 
treatment of clays, limonite, and goethite with solutions of sodium, potassium, 
and ammonium phosphates. Chemical, microscopic, and x-ray analyses showed 
the compounds to be members of an isomorphous series with the general com¬ 
position, [(H, Na, K, NH 4 ) 8 Fe, Al]P 04 -nH 20 , where Fe plus A1 is greater than 0 
but less than 1. Crystalline phosphates of iron and aluminum were prepared 
through treatment of kaolinite and iUite with magnesium phosphate and were 
found to be members of the variscite-barrandite-strengite isomorphous series. 
Phosphates similar to palmerite and variscite also were produced by precipitation 
from acidic solutions of aluminum and iron phosphates. 

It is suggested that under some conditions phosphate may become fixed in the 
soil as substituted palmerites and as compounds in the variscite-barrandite- 
strengite isomorphous series. The escape of such crystalline products of the 
fixation reactions from detection in natural soils is attributed to the extremely 
small size of the crystals. 
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The reactions of phosphate with the sesquioxides of iron and aluminum, either 
by solution and chemical precipitation or by surface adsorption, have long been 
considered important factors in the fixation of phosphorus in acid soils. More 
recently, it has been found that phosphate will react also with the silicate clay 
minerals in soils. The evidence indicates that this latter reaction, because it con¬ 
tinues indefinitely, is more complicated than a simple surface reaction, which 
would reach a definite endpoint with time. 

A hypothesis previously suggested by the authors (17) to account for the long- 
continued reaction of phosphate with kaolinite was based on the assumption 
that kaolinite is a complex salt of a weak silicic acid and the weak base, aluminum 
hydroxide. As such, the mineral should dissolve slightly and ionize in solution, 
and the product of the activities of the dissociating ions should be a constant; 
that is, the clay should have a solubility-product constant. If the clay dissociates 
into aluminum cations and silicate anions, it is logical to suppose that phosphate 
ions will react with the former, disturb the equilibrium, and cause the clay to 
dissolve. The phosphate would thus be fixed by aluminum in a reaction which 
might be called ‘‘phosphatolysis’’ by analogy with ‘liydrolysis.'^ 

This hypothesis was tested experimentally by digesting kaolinite in phosphate 
solutions, analyzing the clay for the phosphorus fixed, and analyzing the solution 
for the silica released. The results substantiated the hypothesis in that the silica 
released was proportional to the phosphorus fixed. In addition, extraction of the 
phosphated clay with aluminum-complexing reagents showed that the aluminum 
extracted was proportional to the phosphorus extracted, indicating that an 
aluminum phosphate compound had been formed. The evidence, however, was 
contradictory to the extent that the ratio of aluminum extracted to phosphorus 
extracted was not the same as the ratio of silica released to phosphorus fixed. 
The purpose of the present investigation was to clarify these results. 

MATERIALS AND METHODS 
Description of kaolinite sample 

The kaolinite^ used throughout the experiments showed a differential thermal 
curve t 3 rpical of kaolinite with no evidence of gibbsite. It contained only a trace 
of iron and exchangeable bases, and its chemical composition closely approxi¬ 
mated the theoretical composition for kaolinite. It was not groxmd in a ball mill 

* Journal Paper No. J-1748 of the Iowa Agricultural Experiment Station, Ames, Project 
No. 617. The senior author is now assistant professor of soils, Purdue University. 

* The kaolinite was “Peerless No. 1 Clay” from Bath, South Carolina. It was furnished 
through the courtesy of the R. T. Vanderbilt Co., Inc., 230 Park Ave., New York City. 
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but was used with the same particle-size distribution as received (57 per cent 
finer than 2 jn and 2 per cent finer than 0.2 fi). 

Buffer solutions 

A concentrated buffer solution for controlling the pH of the phosphate diges¬ 
tion solutions was prepared by dissolving 123 gm. of sodium acetate in 500 ml. 
of distilled water and then adding 31.2 ml. of glacial acetic acid. The pH of this 
solution was 5.35. Hereafter, this buffer solution will be referred to as the '‘con¬ 
centrated buffer” solution. 

A dilute buffer solution was prepared by diluting 100 ml. of the concentrated 
buffer to 1 liter. The pH of the solution was 5.1. This solution will be referred to 
as the “dilute buffer” solution. 

Silica determination 

Two different dehydration procedures were used in determining silica. 

In the first, 60 ml. of 60 per cent perchloric acid was added to 50 to 75 ml. of 
the solution containing the silica. The resulting solution was evaporated to fumes, 
boiled gently for 15 minutes, and cooled. Then 125 ml. of distilled water was 
added, and the solution was immediately filtered, with suction, through Whatman 
No. 44 paper in Buchner funnels. 

In the second procedure, 25 ml. of concentrated sulfuric acid was added to the 
solution containing the silica, and sufficient distilled water was added to bring 
the final volume to 100 ml. This solution was evaporated to fumes, cooled to 50 
to 70 C., and then mixed with 100 ml. of warm water at about 50®C. The silica 
precipitate was immediately filtered off through Whatman No. 44 paper in 58*^ 
funnels. 

In each case the silica determination was completed by ignition in platinum 
crucibles, weighing, volatilizing the silica residue with hydrofluoric acid, reig¬ 
nition and reweighing. Special precautions (15) were taken to eliminate errors due 
to the presence of alkali salts in the silica residue. 

Phosphorus determinaiion 

Phosphorus was determined with an Evelyn photoelectric colorimeter by the 
method of Dickman and Bray (5). Total phosphorus in the clays was determined 
in a sodium carbonate fusion. Where phosphorus extraction was studied, phos¬ 
phorus was determined in the extracts. A check was made on the influence of each 
extraction reagent on the intensity of color in the colorimetric phosphorus deter¬ 
mination. No effect was observed in any case with the dilutions used. 

Aluminum determination 

Aluminum was determined by a modification of the Lxmdell and Knowles (18) 
procedure. Five milliliters of concentrated ammonium hydroxide was added to 
100 ml. of the test solution at pH 4.7 to 7.0, containing an excess of 8-hydroxy- 
quinoline. The resulting precipitate was digested at 60® to 70®C. for 10 to 15 
minutes after which the solution was cooled and filtered, with suction, through 
weighed Gooch crucibles. After being washed with cold distilled water, the pre- 
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cipitate was dried at 110°C. and weighed. Tests showed the presence of alnmi- 
num-complexing reagents in the solution to have no effect on the precipitation 
of aluminum by 8-hydroxyquinoline when this procedure was used. 

Washing of phosphated kaoUnite 

At the conclusion of the phosphate-fixation period the clay suspension was 
centrifuged and tho phosphate solution was poured off. To remove excess phos¬ 
phate, the clay was then washed four to six times in the centrifuge, 50-ml. por¬ 
tions of the dilute buffer solution being used. Tests of the washing solution 
showed that this procedure removed the excess phosphate. 

RESULTS 

Phosphorus fixation and silica release 

As a test of the hypothesis that kaolinite has a solubility-product constant 
and is decomposed by phosphate, the amounts of silica released and phosphate 
fixed upon treatment of kaolinite with phosphate were determined. Samples of 1 
gm. and 0.5 gm. of kaolinite in stoppered, 100-ml. Lusieroid® centrifuge tubes 
were heated at 45°C. for 2 weeks and 3 weeks, respectively, with 75 ml. of water 
containing potassium dihydrogen phosphate in concentrations ranging from 0 
to 3 N. In each case the reaction was adjusted to pH 4.8 to 5.1 by inclusion of 5 
ml. of the concentrated buffer solution. At the end of the reaction period the clays 
were centrifuged out and a 50-ml. aliquot of the supernatant liquid was analyzed 
for silica by the sulfuric acid dehydration procedure. The clay samples were 
washed as described previously. Total phosphorus was determined in the 1-gm. 
samples by the sodium carbonate fusion method. The 0.5-gm. samples were ex¬ 
tracted with 60 ml, of 0.5 M ammonium malonate (pH 4.6) for 5 days. Aliquots 
of the extract were then analyzed for phosphorus and aluminum. 

Figure 1 shows that there was a relationship between the amoxmt of phos¬ 
phorus fixed and the amount of silica released. Since the kaolinite used in these 
experiments contained no free silica, as evidenced by a free silica determination 
(26, p. 518), the silica in solution must have come from the clay. 

The break in the curve at approximately 20 millimoles of phosphorus fixed 
indicates that at least two different reactions occurred. If the two reactions had 
occurred simultaneously, only one line would have been obtained. It appears, 
therefore, that about 20 millimoles of phosphorus was fixed by a reaction in 
which molar ratio of phosphorus fixed to silica released was 0.89:1 before the 
second reaction began. From these data no conclusion can be drawn as to whether 
the first reaction terminated as the second reaction began. 

Products of phosphorus fixation 

According to the solubility-product hypothesis, the phosphatolsrsis of kaolinite 
should result in precipitation of an aluminum phosphate compoimd. To detect 
the possible presence of such a compound, use was made of certain organic re- 

«Lusteroid is a trade name for a material resembling cellulose acetate. The purpose of 
using these tubes was to eliminate the possibility of silica contamination from the con¬ 
tainer during the experiment. 
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agents which differed in their tendency to form soluble chelate complexes with 
aJuminum. 

Theoretically, the essential conditions for formation of chelate rings are that 
the organic radical must contain acidic or coordinating groups or a combination 
of these functional groups separated by chains of suitable length for production 
of five- or six-membered rings with the metal ion. Only such rings are stable be¬ 
cause of the strain introduced in larger or smaller rings by the changing of the 
natural bond angles. The metal ion may be implicated in one or more of these 
rings depending upon its primary and secondary valences. Diehl (7), Ephraim 
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(9), and others have discussed the formation and characteristics of chelate rings 
and coordination compounds. 

In the experiment a phosphated kaolinite was prepared by treating 20 gm. of 
kaolinite for 2 weeks at 45®C. with a 4.6 N phosphate solution adjusted to pH 
4.2. Washing was carried out as with other samples. Samples of 0.5 gm. of this 
phosphated kaolinite were extracted for 24 hours at 45®C. with 60-ml. portions 
of various reagents. Each reagent except oxalate was used at a concentration 
of 0.5 M, and the reaction was adjusted to pH 7 with ammonium hydroxide. 
Oxalate was used in a saturated solution at pH 7. At the end of the reaction pe¬ 
riod, aliquots of the solutions were analyzed for phosphorus. Parallel determina¬ 
tions were made on 100-mgm. samples of c.p. aluminum phosphate using a 48- 
hour extraction period. The results are shown m figure 2. 
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Two facts are obvious: first, there was a correlation between the phosphorus 
extracted from the clay and that extracted from the aluminum phosphate, and 
second, considerably more phosphorus was extracted by the aluminum-complex- 
ing reagents than by the noncomplexing reagents. These results indicate that 
the fixed phosphorus w»'as combined with aluminum. 

It is especially instructive to compare the extracting power of complex-forming 
reagents with that of non-complex-forming reagents of the same class or of the 
same homologous series; for example, oxalic acid [(COOH) 2 ] and malonic acid 
[CH2(C00H)2] differ from succinic acid (HOOCCH 2 CH 2 COOH) only by two 
and one CH 2 groups, respectively, but the first two acids extracted considerably 



Fig. 2. Extbaction of Phosphorus from Aluminum Phosphate and from Phosphatbd 
Kaolinite by Various Complex-Forming and Non-Complbx-Forming Reagents 


more phosphorus than the latter. The behavior is apparently rdated to the size 
and stability of the rings formed by these acids with aluminum. Oxalic acid and 
malonic acid form stable five- and six-membered rings, respectively, whereas 
succinic acid would form an unstable seven-membered ring. 

Salicylic ( 0 -HOC 6 H 4 COOH) and benzoic (CJIsCOOH) acids differ by only a 
hydroxyl group, and yet the former extracted much more phosphorus th^ the 
latter. The hydroxyl group in the ortho position on the salicylic acid permits the 
formation of a six-membered ring with aluminum. 

Acetylacetone (CHaCOCHiCOCH*) and acetone (CHaCOCH,) differ in that 
the former is a diketone and the latter a ketone. Acetylacetone extracted much 
more phosphorus than did acetone. Enolization of the acetylacetone permits 
the formation of a six-membered ring wnth aluminum. 
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The reagents acetylacetone, tartrate, and malonate occupy different positions 
in the two extraction sequences. The reason for this is not known. A strict com¬ 
parison of the extraction sequences can be made only when equilibrium has been 
reached between the phosphate compounds and the extracting reagents. Better 
agreement might be obtained at equilibrium. Another factor to be considered is 
the possibility that in the warm solutions the surface reactivity of the clay might 
catalyze such side reactions as decarboxylation of the organic acids. 
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Fig. 3. Molar Belationseip Between Aluminxtm and Phosphobus Extracted from 
Phosphatbd BIaounite by Complex-Forming Reagents 

Extraction of the products of phosphorus fixation 

The data presented in the preceding section indicate that the phosphorus in 
the phosphated clay was combined with aluminum. To obtain further evidence 
on the nature of the phosphate in phosphated kaolinite, an experiment was con¬ 
ducted in which analyses were made for both phosphorus and aluminum in the 
extracts. One-gram samples of clay in 100-ml. centrifuge tubes were phosphated 
at 45°C. for 2 weeks with 76 ml. of a water solution of potassium dihydrogen 
phosphate in phosphate concentrations ranging from 0 to 3.5 N. In addition to 
the phosphate, each solution contained 5 ml. of concentrated buffer solution to 
adjust the reaction to pH 4.8 to 5.1. At the conclusion of the reaction period the 
clays were washed thoroughly, as described earlier, and then 60 ml. of extracting 
reagent was added and allowed to react with the clay at 45°C. for 2 days. Ali¬ 
quots of the extraction reagents were then removed and analyzed for phosphorus 




REACTIONS OF PHOSPHATE WITH KAOLINITE 


279 


and altuniiiuiii. The extraction reagents used in these experiments were potassium 
citrate and ammonium oxalate. The results, shown graphically in figure 3, include 
also the ammonium malonate extraction data from the decomposition experiment 
described earlier. 

It is evident that the relationship between the phosphorus and aluminum ex¬ 
tracted may bo represented by two straight lines intersecting at approximately 
17 millimoles of phosphorus extracted. The molar P:A1 ratio was 1.2:1 below 17 
millimoles of phosphorus extracted and 1.7:1 above 17 millimoles. From these 
ratios it appears that two different aluminum phosphate compounds were 
formed. 
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Fig. 4. Molak Relationship Between Silica Released and Extbactablb Aluminhu 
Produced During Phosphorus Fixation 

In kaolinite the molar Si:Al ratio is 111. Each time an atom of silicon is in¬ 
volved in reaction with phosphate, an atom of alum in u m should likewise be 
involved. For this reason it would be expected that for each mole of silica released 
during phosphate fixation it should be possible subsequently to extract a mole of 
aluminum from the phosphated clay. The results obtained in the second reaction 
(above 17 millimoles of P extracted) were in agreement with this line of reasoning, 
the molar Si:Al ratio being 0.95:1. The data obtained in the decomposition 
experiment were likewise in agreement, the molar Si:Al ratio being 1.05:1 (fig. 
4 ), In the first reaction (less than 17 millimoles of P extracted), however, the 
ratio was 1.35:1, calculated on the basis of the phosphorus involved in each case. 
This variation from a ratio of unity in the first reaction may have real significance. 
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On the other hand, it may be merely a matter of experimental error in dealing 
with the smaller amounts of constituents. As the data on the P: Si and P: A1 ratios 
for the first reaction were obtained on different sets of samples, it was not posi- 
ble to determine the Si:AJ:P ratios for a given sample. Moreover, the excess of 
silica over phosphorus in the first reaction is difficult to account for in any way 
other than low values for phosphorus, in view of the evidence from figure 6 that 
easily replaceable silica was absent. Until more definite evidence is available to 
show that the Si: A1 ratio in the first reaction is different from that in the second, 
it will be assumed that the ratio was in all cases unity. 

In an earlier experiment (17) only one P:Si ratio and one P:A1 ratio were ob¬ 
tained. These ratios were not the same. In the present investigation two P:Si and 



0 8 16 24 62 

TIME IN DAYS 

Fig. 5. Bate of Siuca Release peom Kaounitb in Pebsbncb op Phosphate 

two P:A1 ratios were obtained and the P:Si ratios were essentially the same as 
the P:A1 ratios. As yet, the discrepancies between the two experiments have not 
been satisfactorily explained. It is possible, however, that the higher temperature 
(60®C.) of the earlier experiment precluded formation of the product of the first 
reaction because, as will be shown later, this product is relatively unstable. 

Time-rate of silica release 

The findings described thus far indicate that two different reactions occurred 
to produce two different compounds in the fixation process. To obtain further 
information as to the nature of the reactions, an experiment was designed to de¬ 
termine the rate of silica release. 

In this experiment 0.5-gm. samples of clay in Lusteroid centrifuge tubes were 





REACTIONS OP PHOSPHATE WITH KAOLINITB 


281 


digested for different intervals in a water bath at 45®C. with 76-ml. portions of 
a potassium dihydrogen phosphate solution Z N to phosphate and buffered at 
pH 4.8 with 6 ml. of the concentrated buffer. As each tube was removed, the 
clay was centrifuged out and an aliquot of the solution was analyzed for silica 
by the sulfuric acid dehydration procedure. As preliminary experiments 
shown that no phosphorus was fixed for at least 6 days, no analyses were made 
until the sixth day. All samples were run in triplicate except for those removed 
between 0 and 11 days, in which only single samples were run. The data are pre¬ 
sented in figure 5. 

At least two different reactions evidently occurred in the fixation process. The 
first was a typical adsorption type with a surface saturation corresponding to 24 
millimoles of silica released. The release of 24 millimoles of silica means the fixa¬ 
tion of a similar amount of phosphate, since data in the preceding section indi¬ 
cated that approximately equivalent quantities of phosphorus, silica, and alumi¬ 
num were involved in the first reaction. Thus, as phosphate was fixed, silica was 
released and aluminum was changed to a form extractable, along with the phos¬ 
phate, by aluminum-complexing reagents. It is reasonable to postulate, therefore, 
that an isomorphous exchange of phosphorus ietrahedra for silicon tetrahedra 
occurred on the surface of the clay. This type of replacement should occur largely 
on crystal edges and comers. The possibility of such a substitution has been sug¬ 
gested before (2,19), and Mattson and Hester (20) and Toth (29) have found that 
phosphate fixation by soil colloids results in the release of silica. 

No satisfactory explanation can be given for the 8-day induction period pre¬ 
ceding the start of the reaction. Undoubtedly a small amount of phosphorus 
reacted with the clay during this period, as will be shown later, but it was prob¬ 
ably removed by the dilute buffer solution used in washing the clay. Tempera¬ 
ture appears to be a factor in the induction period, since preliminary experiments 
showed that considerable silica was released from the clay in 48 hours at the 
higher temperature of 60®C. 

The rate of the second reaction was a linear function of time. This reaction did 
not begin until the first reaction was completed, as evidenced by the horizontal 
part of the first curve. Apparently, the second reaction was dependent on the 
first. An explanation for this behavior may be made on the basis of consecutive 
reactions. 

If the interpretation of the data is correct, the first reaction represents the 
isomorphous replacement of surface silicon tetrahedra by phosphorus tetrahedra. 
This replacement would probably result in an unstable phosphate compound 
because there is an infraction of the electrostatic valence rule when two phos¬ 
phorus tetrahedra share a common oxygen ion (23). It is probable, therefore, 
that the surface compound would decompose in favor of a more stable precipi¬ 
tated phosphate. Consequently, the second reaction could represent the phos¬ 
phate-induced decomposition of the surface compound and the subsequent pre¬ 
cipitation of an aluminum phosphate of higher phosphorus content. 

Thus, the aluminum phosphate on the surface might dissolve, react with more 
phosphate, and precipitate. As fresh surface became exposed, it should again 
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react with phosphate in solution. Since the rate of adsorption prior to surface 
saturation appeared to be greater than the rate of solution, the surface phosphate 
could be maintained near the saturation value as long as the concentration of 
phosphate in solution remained high. Why the solution and secondary precipita¬ 
tion did not start as saturation of the surface was approached is problematical. 
Perhaps the formation of aluminum phosphate nuclei for precipitation on the 
inactive surface of the clay was the limiting factor in the initiation of this reaction. 

Corroborative evidence for the proposal that the second reaction was a solu¬ 
tion reaction may be obtained by consideration of equations which represent the 
solution of crystals (21; 24, p. 284). These equations may be expressed as follows: 

dc ^ 

where c is the concentration of the reagent or solvent effecting the solution 
(phosphate ions in this case), t is the time, ft is a constant, S is the active surface 
area, and n is the distance normal to the surface. The first equation is applicable 
when the reaction at the interface is slow compared with diffusion, and the second 
equation is applicable when the rate of diffusion is slow compared with the rate 
of the reaction at the interface. 

It has been pointed out that the dissolving surface should be maintained es¬ 
sentially constant as long as the phosphate concentration in solution iremains 
high. In this experiment the phosphate concentrations were sufificiently high that 
little change in concentration ocurred during the limited period of the reaction. 
do 

The values c, S and 3 - in the preceding equations should, therefore, be essen- 
dn 

tially constant, and the rate of solution should be a linear function of time. The ex¬ 
perimental data are in agreement with this prediction. 

From the evidence submitted in this section, it appears that the phosphatolysis 
of kaolinite is accomplished by two consecutive reactions. Indications are that 
the first reaction is a surface reaction in which phosphorus tetrahedra replace 
silicon tetrahedra to produce an xmstable surface compound, and the second 
reaction is the phosphate-induced solution of this surface compound and the pre¬ 
cipitation of an aluminum phosphate compound. 

Time-rate of phosphorus and aluminum extraction 

The extraction of phosphorus from the clay, whether it be from the surface or 
from a precipitate, should obey one of the equations presented in the previous 
section, because the phosphorus is extracted by dissolving the compound in 
which it is combined. From these equations it is obvious that if the concentration 
of the extracting reagent is sufficiently great to remain essentially constant 
during the extraction, the only variable affecting the reaction rate will be the 
area of the active surface. The following experiment was designed to investigate 
the active surface of the phosphate compounds. 
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One-gram samples of phospliated kaolinite^ were digested in lOO-ml. centrifuge 
tubes at 45®C. with 60-ml. portions of a 0.5 M potassium citrate solution at pH 
4.7 for periods up to 13 days. One tube was removed from the water bath each 
day y the clay was centrifuged out, and aliquots of the supernatant liquid were 
taken for phosphorus and aluminum determinations. The data are presented in 
figure 6. Only the data up to 6 days’ extraction are plotted because 96 per cent 
of the phosphorus extractable by the citrate had been removed by the fifth day 
and beyond this time the data became somewhat erratic. 



Tim IN DAYS 

Fig. 6 . Rath op Extraction or Phosphorus from Phosphatbd 
Kaolinitb bt Potassium Citrai® 

Obviously, the phosphorus was extracted at different rates, the faster rate ob¬ 
taining for the first 23 millimoles, all extracted in one day. It should be recalled 
that the Pi Si ratio changed at about 20 millimoles, the PiAl ratio changed at 
about 17 millimoles, and the surface reaction had a saturation value of about 24 
millimoles of phosphorus per 100 gm. of clay. It is therefore consistent with the 
data to conclude that 17 to 24 millimoles of phosphorus per 100 gm. of clay was 
fixed by a surface reaction in which phosphorus tetrahedra replaced silicon tetra- 

^ This clay was the same as that used in the experiment on phosphorus extraction by 
the various complex-forming and non-complex-forming reagents. 
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hedra and that this phosphate was more readily dissolved than was the phosphate 
fixed in excess of 17 to 24 millimoles per 100 gm. of clay. 

The phosphorus in excess of 23 millimoles per 100 gm. of clay was extracted 
with more difficulty, and the rate of extraction was a linear function of time. 
According to the equations and discussion in the preceding section, it may be 
concluded from the linear extraction rate that the surface area remained essen¬ 
tially constant during the extraction. Since the fixation process in this case was 
presumably the dissolution of the surface layer and a secondary precipitation of 
the phosphate, a reasonable explanation for the constant surface area throughout 
the extraction process is that as the aluminum phosphate was formed, it diffused 
from the actively dissolving surface and precipitated as a thin film on a more 
inert part of the clay surface. The film would provide a constant dissolving 
surface during extraction. 

TABLE 1 


Extraction of aluminurfi and phosphorus from kaolinite by ammonium oxalate and ammonium 

malonate 


xxhacizno ssaoxmt 

EXTRACTION 

PERIOD 

P EXTRACTED PER 
100 OBC. CLAY* 

A1 EXTRACTED PER 
100 OK. CLAY 

F:A1 KOLAR RATIO 



mmol. 

mmol. 




36.3 

28.6 

1.23:1 

1 


29.7 



1 

16 

37.1 

33.8 

1.10:1 


5 

36.8 

27.3 

1.35:1 


9 

36.2 

27.6 

1.28:1 


16 

36.8 

30.4 

1.21:1 


* The total phosphorus content of the clay was 36.3 millimoles per 100 gm. as deter- 
mined by sodium carbonate fusion. 


Since it was desirable to know whether all the phosphorus could be extracted 
with a complex-forming reagent, 1-gm. samples of the phosphated clay used in 
the citrate experiment were extracted at pH 4.7 with 60-ml. portions of saturated 
ammonium oxalate and 0.6 M ammonium malonate. At the end of the 5-, 9-, and 
16-day extraction periods, aliquots of the extraction solution were analyzed for 
phosphorus and aluminum. The results are shown in table 1. 

After 5 days, both the oxalate and the malonate had extracted all the phos¬ 
phate within the limits of experimental error. As in the citrate extraction, the 
aluminum extracted was proportional to the phosphorus extracted throughout 
the entire experimental period. 

Adsorption of phosphorus from dilute solutixms 

The adsorption equation. The fixation experiments in the preceding sections 
were all conducted with concentrated phosphate solutions. Since so much experi¬ 
mental work on phosphorus fixation has been done in dilute solutions, the possi¬ 
bility of a dilute-solution reaction over short periods was investigated. 
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Ten-gram samples of kaolinite in 100-ml. centrifuge tubes were shaken at 
room temperature for l-J hours with 50 ml. of dilute potassium dihydrogen phos¬ 
phate solution ranging in concentration from 0.005 to 0.05 mgm. of phosphorus 
per milliliter. The pH of the original solution was 5.0. At the end of the reaction 
period the clay was centrifuged out, and the content of phosphorus in the super¬ 
natant liquid was determined. The results are recorded in figure 7. 



EEOSPEORTTS C0IIC@NmTX.0N (0), U6U. PER NL. 

Fio. 7. Adsobption op Phosphate pbom Dilute Solutions by Kaounite 

The plot of the amount of phosphorus fixed against the final concentration in 
the solution produced a typical adsorption curve, which could be represented by 
the Freimdlich adsorption equation 

- - h}'* 
m 

where x is the amount of the solute adsorbed, m is the weight of the adsorbent, 
fc is a proportionality constant, c is the concentration of the solute in the equilib¬ 
rium solution, A rTifl 71 is a constant. Obedience to this equation is an indication 
that adsorption equilibrium had been reached within the relatively short period 
of 1| hours. 

From the work of Kolthofif (13), who showed theoretically that the Freundlich 
equation can represent exchange reactions when applied to ions, it might be 
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postulated that the adsorption was an exchange reaction. However, since the 
curve began to level off when as little as 0.13 mgm. of phosphorus per gram of 
clay (0.42 millimole per 100 gm. of clay) had been adsorbed, it appears that this 
adsorption and the adsorption that displaced the silica (saturation at 24 milli¬ 
moles per 100 gm. of clay) are not the same. It is plausible to assume, therefore, 
that if an exchange occurred it was between phosphate and hydroxyl ions-v/* 
\/Efect of temperature on adsorption. Two different types of adsorption may 
occur; namely, chemical reaction with the surface, and physical adsorption. The 
former type is distinguished from the latter by the larger energy of adsorption 
and by the shorter range of the forces involved. In either type, however, an 
equilibrium occurs between adsorbed molecules and the molecules in solution. 



0 20 40 60 80 100 

TEMPERATURE IN DEGREES CENTIGRADE 

Fig. 8. Adsorption op Phosphate by Kaounite at Dippbrbnt Temperatures 

This equilibrium is dependent on temperature, as expressed by the integrated 
form of the van^t Hoff equation, 

In K ^ + constant, 

where K is the equilibrium constant, R is the molar gas constant, T is the tem- 
peratme and AH° is the heat of reaction when the reactants and products are in 
their standard states. 

It is seen that if AH° is negative (heat is evolved in the reaction), an increase 
in temperature will decrease the amounts of the products formed, whereas if 
AH® is positive (heat is absorbed in the reaction), an increase in temperature 
will increase the amoimts of the products formed. Physical adsorption always 
has a negative heat of adsorption, but chemical adsorption may have either a 
positive or negative heat of adsorption. 

To investigate the effect of temperature on the adsorption of phosphate from 
dilute solution, 10-gm. samples of kaolinite in lOO-ml. centrifuge tubes were 
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shaken periodically for 3 hours at different temperatures with 50-inl. portions of 
a solution containing 0.05 mgm. of phosphorus as potassium dihydrogen phos¬ 
phate per milliliter of solution. The clay was then centrifuged out and the super¬ 
natant liquid was analyzed for phosphorus. The results in figure 8 show clearly 
that there was increasing adsorption of phosphate with increasing temperature. 
Therefore, if the temperature factor did not change the nature of the reaction 
the standard heat of reaction was positive and the adsorption was chemical. 

Since the exchange of phosphate ions for the hydroxyl ions of a crystal lattice 
is a type of chemical adsorption, these experiments lend weight to the hydroxyl 
replacement theory. No decision can be made, however, as to whether ^e seat 
of the exchange is the clay or sesquioxide impurities. A minute quantity of hy¬ 
drated sesquioxides would be sufficient to account for the observed results. 

DISCUSSION 

The investigation described in this paper was undertaken to examine the valid¬ 
ity of the hypothesis that phosphate will decompose kaolinite by disturbing the 
equilibrium between the clay and its component ions in solution. The experimen¬ 
tal data substantiate the hypothesis, since, upon fixation of phosphate by kaol¬ 
inite, silica is released and aluminum is changed to a form extractable with 
aluminum-complexing reagents. In the course of the investigation, however, it 
became evident that more than one reaction was occurring. The phosphatolysis 
of kaolinite is apparently accomplished by two consecutive reactions, the isomor- 
phous replacement of silicon tetrahedra by phosphorus tetrahedra and the phos¬ 
phate-induced decomposition of this adsorbed layer. In addition, there is evi¬ 
dence for the surface exchange of phosphate ions for hydroxyl ions. 

The soil system differs from the laboratory system in the variables temperature, 
phosphate concentration, and composition of the substrate. The question natur¬ 
ally arises, therefore, whether these reactions will occur in the soil. The following 
considerations are pertinent to this problem. 

Variations in temperature change only the magnitude of the equilibrium con¬ 
stant and the rate of the reaction but do not determine whether the reaction can 
occur. Consequently, a reaction taking place at one temperature should take place 
at another temperature provided other conditions are satisfactory. The difference 
between the experimental temperature and the normal surface temperature of 
the soil in summer was about 15® to 20®C. It seems reasonable to conclude, there¬ 
fore, that the difference in temperature between the laboratory and soil S 3 rstems 
does not preclude the field occurrence of the reactions observed in the laboratoiy. 

In view of the instability of the silicate-exchangeable phosphate and the low 
phosphate concentration of the soil solution, it is doubtful that this type of fixed 
phosphorus occurs to any extent in the soil. Even a limited amount of silicate 
exchange might, however, be a significant factor in phosphorus fixation with the 
relatively small amounts of phosphate fertilizers added imder field conditions. 

Evidence for phosphatolysis of the clay in the soil is furnished by the continued 
fixation of phosphorus with time (14)®. Similar evidence has been obtained with 

® Steolo, J. G. The effect of other anions on the retention of phosphate by colloidal clays. 
1934. [Unpublished Ph.D. thesis. Copy on file Ohio State University, Columbus.] 
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clay minerals in phosphate solutions which were comparable in strength to the 
soil solution (1, 4, 6, 22, 25). Black (1) foimd that in phosphate solutions con¬ 
taining 1,10, and 100 ppm. of phosphorus a much greater amount of phosphorus 
was fixed by kaolinite in 1 month than in 48 hours. Over the 48-hour period there 
was a TYifl yimnm fixation at pH 6 to 7, As the concentration was increased through 
10 to 100 ppm., a second maximum at about pH 3 became noticeable. At each 
concentration the maximum at pH 3 became more noticeable with time. Since 
the maximum precipitation of aluminum phosphate is between pH 3 and 4 (3, 
10 , 27), it may be inferred that increasing the phosphate concentration of the 
solution or increasing the time of reaction caused increasing phosphatolysis of 
the clay with precipitation of aluminum phosphate. The maximum at pH 6 to 7 
changed relatively little in magnitude with time. It is reasonable to suppose, 
therefore, that this reaction represented true adsorption. The lowest concentra¬ 
tion of phosphate used in Black’s experiment is not dissimilar to the concentra¬ 
tion in the soil solution. 

The hydrolysis of clays is generally considered to be a common weathering 
process. If hydrolysis of clays occurs in a solution containing hydrogen and 
hydroxyl ions in concentrations of 10“^ N, it is plausible that phosphate ions at a 
concentration of 10“^ N (about 1 ppm.) will cause phosphatolysis of the clay. 
There is considerable evidence in the geological literature (11, 12, 16, 28) that 
over long periods of time aluminous minerals may be altered to aluminum phos¬ 
phate under the influence of percolating waters containing phospliate derived 
from guano beds. Ensminger (8) recently found that the x-ray patterns produced 
in kaolinite and Cecil soil colloid upon treatment with phosphate were similar 
to those produced when aluminum oxide and hydrous aluminum oxide were 
treated with phosphate. 

As was pointed out earlier, the pure kaolinite used in the laboratory experi¬ 
ments is not entirely analogous to soils. In many soils, however, kaolinite is a 
major constituent of the clay fraction. The fixation of phosphate by kaolinite is 
a distinct possibility in these soils. In nonkaolinitic soils other clay minerals 
predominate in the clay fraction. It is likely that the reactions of phosphate with 
these minerals are analogous to the reactions that occur with kaolinite. In conse¬ 
quence, the reactions discussed in this paper are probably of widespread occur¬ 
rence in soils. 


STJMMAEY 

The hypothesis was presented that kaolinite dissociates into aluminum and 
silicate ions and that phosphate precipitates the aluminum ions, thereby disturb¬ 
ing the equilibrium and causing ^e clay to dissolve in accordance with solubility- 
product principles. As would be predicted from the hypothesis, the digestion of 
kaolinite in phosphate solutions resulted in a release of silica which was propor¬ 
tional to the phosphorus fixed. The slopes of the silica-released:phosphorus- 
fixed lines indicate that two different reactions occurred in the fixation of phos¬ 
phorus. 

Extraction of phosphated kaolinite with various reagents showed that alumi- 
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num-complexing reagents extracted more phosphorus than did non-complex- 
forming reagents and that the extraction of aluminum was proportional to the 
extraction of phosphoius. The slopes of the siummum-extractedi phosphorus- 
extracted lines were cssontiaUy the same as the slopes of the silica-released:phos¬ 
phorus-fixed lines. The conclusion was drawn from these results that two different 
aluminum phosphate compounds had been produced in the clay. 

The rate of release of silica during phosphorus fixation by kaolinite varied with 
time, indicating the existence of two different reactions, the first and more rapid 
of which was completed before the second reaction began. The first reaction was 
apparently the surface replacement of silicon tetrahedra by phosphorus tetra- 
hedra, and the second was apparently the phosphate-induced decomposition of 
the surface phosphate with subsequent precipitation of an a-lnminuTn phosphate 
compoimd. 

Phosphorus extraction by aluminum-complexing reagents was found to occur 
at two different rates. The amount of phosphorus extracted at the more rapid 
rate corresponded with that involved in the first reaction described above. 

Fixation of phosphate by kaolinite from dilute solution obeyed the Freundlich 
adsorption isotherm and increased wth temperature, the latter being a criterion 
of chemical adsoiption. Since the amount of phosphate involved in this reaction 
was small compared with that involved in the silica release, it was concluded tTint. 
the dilute-solution adsoiption represented a different reaction—perhaps the re¬ 
placement of surface hsrdroxyl groups by phosphate groups. 
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USE OF VOLATILE SILICONES TO INCREASE WATER-STABILITY 

OF SOIL 

C. H. M. VAN BAVEL 
Iowa Agricultural Experitnent Station^ 

Hocttved for publioation January 80, 1050 

Soil aggregates can be dispersed either under natural conditions or in the lab¬ 
oratory by slaking in water and by a subsequent impact of running or falling 
water. In the field the result may be an imdesirable sealing of the soil surface. In 
addition, the destruction of the aggregates is the necessary preconditioning of 
soil for erosion, and the stability of soil aggregates against the destructive action 
of water is highly correlated with degree of erosion (6). These facts are the basis 
for the wet-sieving technique to evaluate soil structure (9). In using this method 
the soil should be prewetted gradually to avoid compression of air inside the 
aggregates (4), because sudden wetting is very destructive to aggregates. 

If the speed of water imbibition could be further lowered by decreasing the 
wettability of the soil, it might possibly be found that its water-stability had 
increased. McCalla (2) reported that addition of waxy and resinous materials 
increased markedly the water-stability of soil. 

Soil used for construction purposes also should be “water-stable,although 
the term is used in a different sense, since soil engineers are interested in treat¬ 
ments that render earth structures less likely to fail under wet conditions. It has 
been found by Winterkom et al, (8) and by Davidson^ that waterproofing com¬ 
pounds such as resinous materials and high-molecular amino-cations are effective 
in improving the engineering properties of soil as indicated directly by bearing 
tests or indirectly by determining the plastic index (1). 

The recent development of silicone chemistry has yielded some excellent 
waterproofing agents, some of which are imique in that they may be applied as 
vapors imder ordinary temperatures and pressures. Two of these are methyltri- 
chlorosilane and dimethyldichlorosilane, which hydrolyze with a water film pres¬ 
ent on an object and form a polymerized organo-silicon layer that is very water- 


repellent. In the course of the reaction, hydrochloric acid is liberated. The 
reaction for dimethyldichlorosilane has been schematically presented by Norton 

(3) as follows: 


CH, CHs 

CHa CH, 

H H H H 

V 

2 (CH*)2 Si cl + (!) a d) (!) -^ 0 A 

0 A + 4 HCl 

i 1 

H A A A Ah 

A A 


1 Journal Paper No. J-1741, Iowa Agricultural Experiment Station, Project 739. The 
author is now research assistant professor, North Carolina Agricultural Experiment Sta¬ 
tion. 

* Davidson, D. Effect of large organic cations on physico-colloidal properties related to 
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In view of the preceding paragraphs, it was thought that a moderate treatment 
of air-dry soil with methylchlorosilanes might improve the water-stability as 
measured by wet-sieving and by soil engineering standards. The present paper 
describes experiments to evaluate this effect. 

MATERIALS AND METHODS 

A commercially available mixture* of 2 parts by weight of dimethyldichlorosi- 
lane and 1 part by weight methyltrichlorosilane was used. This is a clear liquid 
with a boiling point of approximately 70°C., sp. gr. 1.125, toxic, flammable, and 
corrosive. One gram of this mixture—thenceforth designated “MCS”—^will react 
with 0.332 gm. of water. 

The treatment was effected by placing a maximum of 80 gm. of air-dry soil 
in a Petri dish and evacuating with an aspirator pump in a vacuum desiccator. 
The desiccator was fitted with an inlet with glass stopcock. After the desiccator 
was evacuated, the desired amount of MGS was transferred into the inlet and 
driven into the desiccator by opening the stopcock carefully. The liquid evapor¬ 
ated instantaneously and penetrated the soil. After 5 to 10 minutes, air was let in 
and the soil was taken out and aired for a minimum of 30 minutes to eliminate 
HCl vapors. 

To determine the distribution of water-stable aggregates, the Yoder technique 
of wet-sieving (9) was used on 25-gm. air-dry samples with sieving time of 30 
minutes. The samples were wetted by spraying with a fine mist, and 5 minutes 
was allowed for imbibition of the water. The mean weight-diameter of the water- 
stable aggregates was calculated from the data by a method proposed by Van 
Bavel (5). The plastic index was determined according to oflScial methods (1). 

The soils used for aggregate analysis were passed through a screen, with 8-mm. 
openings, in the field and were air-dried in the laboratory. The soils used for 
determining the plastic index were air-dried and passed through a 40-mesh screen, 
according to the oflScial procedure. Aggregate analyses were made on Marshall 
silt loam, Ida silt loam, and Clarion loam. Plastic indexes were determined on 
Marshall silt loam, Ida silt loam, Mankato till, and Edina subsoil (plastic till).* 

The air-dry soils contained 3 to 4 per cent water. Treatment was effected at 
rates of 0.2 and 0.5 per cent MGS by weight on the basis of the air-dry soil. Ob- 
vioiisly, then, only a fraction of the water present in the soil, namely, between 2 
and 5 per cent, entered the reaction. 

EXPERIMENTAL RESULTS 

Table 1 shows the effect on ag^gation of treatment of Marshall silt loam 
from a continuous com plot, which was sampled in July 1949. For comparison, 

soil stability. 1948. [Unpublished doctoral thesis. Copy on file Iowa State College Library, 
Ames.] 

* Sold under the trade name DC 1208 by Dow Coming Corp., Midland, Michigan. 

* Descriptions of the soils used may be found in “Principal upland soils of Iowa** Iowa 
Agr. Exp. Sta. Agron. 49 (Rev.) [Muneographed], 
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season averages of aggregate determinations on Marshall silt loam in com of a 
com-oats-meadow rotation made 2 years earlier by Gish® are also shown. 

It appears from table 1 that the effect of treatment is considerable and that 
the differences obtained are of an order of magnitude comparable with the differ- 

TABLE 1 


Effect of MCS treatments on aggregate distribution and mean weight-diameter of Marshall 
silt loam from a continuoue com plot^ in comparison with untreated soil from a corn plot 

in com-oats-meadow rotation 



AGGREGATE DISTRIBUTZON 

AGGREGATE SZZE 

Continuous com plot | 

Rotation corn plot 


Untreated 

0 2 per cent MCS 

0 5 per cent MCS 

Untreated 

mm. 

per cent* 

per cent* 

: per cetU* 

per cent* 

8.0 -2.0 

4.1 

8.8 

9.7 

14.3 

2.0 -1.0 

10.7 

11.5 

15.8 

9.1 

1.0 -0.6 

11.8 

14.2 

17.5 

12.8 

0.6 -0 26 

16.9 

17.9 

21.8 

18.8 

0.26-0.10 

22.0 

16.7 

12.6 

21.7 

0.10-0.00 

36.6 

30.9 

22.7 

23.3 

Mean weight-diam¬ 
eter .. mm. 

0.604 

0.680 

0.791 

0.721 


* By weight. 


TABLE 2 

Effect of MCS treatment on aggregate distribution and mean weight-diameter of Ida silt loam 
from a com plot in a S-year rotation 


AGOSXGATS DZSTS1BT7TZON 



Untreated 

0.2 per cent MCS 

mm. 

per cent* 

per cent* 

8.0 -2.0 

6.7 

18.0 

2,0 -1.0 

4.8 

7.4 

1.0 -0.5 

7.8 

9.2 

0.6 -0.26 

19.6 

13.2 

0.25-0.10 

16.2 

11.9 

0.10-0.00 

46.0 

40.3 

Mean weight-diamotcr mm. 

0.641 

1.044 


• By weight. 


ence between the soil of a plot that had been in continuous com for 15 years 
and the soil of a plot next to it that had been for the same length of time in a 
rotation considered satisfactory for reducing erosion on a 9 per cent slope. A larger 
effect was found on Ida silt loam—^treated at one rate only (table 2) and on 

5 Gish, R. 1947 Factors affecting the stability of soil aggregates. 1947 [Unpublished 
master’s thesis. Copy on file Iowa State College Library, Ames 1 
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Clarion loam (table 3). To demonstrate the magnitude of the effects, again data 
are included in table 3 on untreated soil in continuous bluegrass. 

The soil of table 1 was taken from a very badly eroded plot and was therefore 
not strictly comparable with the other two. Under similar conditions it would 
seem that the poorer soil received the greatest benefit in terms of water-stable 
aggregation. This is shown in table 4, where the results, in terms of mean weight- 

TABLE 3 

Effect of MCS treatment on aggregate distribution and mean weight-diameter of Clarion loam 
from a com 'plot in a S-year rotation, in comparison with an untreated soil from a 
continuous bluegrass plot 


AOGSSOATS SIZE 

AOGSBGATS DISTRIBUTION 

Rotation com plot 

Continuous 
bluegrass plot 
untreatra 

Untreated 

0.2 per cent MCS 

0.5 per cent MCS 


per cent* 

per cent* 

per cent* 

per cent* 

8.0 -2.0 

6.7 

20.9 

24.8 

31.1 

2.0 -1.0 

5.7 

9.0 

9.3 

15.7 

1.0 -0.5 

14.1 

13.7 

12.8 

14.0 

0.5 -0.25 

24.8 

23.4 

21.2 

15.9 

0.25-0,10 

27.0 

22.0 

17.5 

12.8 

0 .10-0.00 

21.7 

11.0 

14.4 

10.5 

Mean weight-diameter. ,mm. 

0.638 

1.071 

1.754 

1.783 


♦ By weight. 


TABLE 4 

Effect of MCS treatments on mean weight-diameter of the aggregate distributions of Clarion 

loam in various crops 

IfEAN WSIGHT-DIAICZTBS 



Untreated 

0.2 per cent MCS 

0.5 per cent MCS 


mm. 

mm. 

mm. 

Continuous com. 

0.223 

1.071 

1.754 

Corn of com-oats-meadow. 

0.638 

1.286 

1.523 

Meadow of com-oats-meadow. 

0.957 

0.877 

1.882 


diameters, are listed for Clarion loam cropped in continuous com, rotation com, 
and rotation meadow. 

The question has been raised whether the ordinary technique of wet-sieving is 
a sufficient indicator of the stability of aggregates. Wilson, Gish, and Browning 
(7) advocated that the soil sample be shaken in water end-over-end in a 1000-ml. 
graduate a number of times before it is placed on the top screen of the nest of 
sieves used in wet-sieving analysis. The ^ect of the MCS treatment might pos¬ 
sibly disappear or be reduced \mder such a severe treatment. To investigate this 
point, a determination was made of the mean weight-diameter of Marshall silt 
loam and Ida silt loam preshaken 50 times as described. The results are given in 
table 5. 
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1 ho prosluikinii, Iroalmont diniinislics Ihc i^izo of tlie aj 42 ,roj>*atOh, as expected, 
bill Ihi' ciToct of Iho ]\ICS Iroalmont, o\copt for the 0.2 por coni :Marshall, is ju.-,! 
as appal out and laijio aa undor standard conditions of dotcrmininsi a^i^rcgato 
distribution, as may bo soon by comparison ivilh tallies 1 and 2. 

T.VliLK 6 

Kjjei I of Veti Ireotiiii'iils on ounn weiqht-dtamiL r of uqi/n gate ilistnhuliunn of Manhall iilt 
loam and Ida ailt loam, pre-shaken 50 times 


TREAl Mt ST 


(^liock 

0.2 per cent MCS 
0.5 por ocnl MCS 


VEVS WFIGHT-DIUIFrtR 


Marshall silt loam 
mm 

0 390 
0 3S3 
0 675 


Ida si’t loom 

in . 

o.iso 

0.303 

0.525 


MARSHALL 

CHECK I 0.5 % 


CLARION 

CHECK I 0.5 % 


•SV-*- 

f * 


I 

V 9 I i 

KJ(J. 1. Tl RBIDITY <JF SoiL SlThPEVslOXN 2 IIoiTlS AfTER SlLVKlXa 
Uiitroalod soil v(‘rauH soil troRtod with 0.5 pcM* cent metliylchlorosilaiio. 


A qiialiltliivc domonslratioii of the effects of AICS treatment was obtained 
by suspending treated and untreated soil in water and allowing the suspensions 
to settle. Figure 1 shows suspensions of two soils treated with 0.5 per cent AICS 
together with suspensions of untreated soils after settling for 2 hours. 

The results of measurement of the liquid limit and the plastic limit on four 
soils are presented in t able (*> as well as the plavStic index and its decrease as the 
result of the treatment. 

The AK^S trealmcmt decreases the plastic index consistently. The effect of the 



C. rr. M. VVNT BVVEL 


2V>C; 

troalnK^nl is not so lar^o as the ofTeet on afti 2 ,ros,alion, l)ul small (‘han|i,os in the 
plastie index appreciably aiTeel the suitability of soil for eonslruelion purposes 
(I). The decavase in ])lastie index also indicates that soils wcnild be more friable 
as result of treatment. 


DTS(*USSt()N 

The sionifieance of the elTeet of methylehlorosilanes on water-sta])le soil a.s>:i 2 ;re- 
u,ation seems 8,reat from this first study. The action is, as appears from the data, 
particularly one of preservino; the agorogates that are present in I’elatively dry 
soil against the slaking action of water, which could also be pi*edictcd fi’om the 
nature of the compound used. Hiudi action would tend to decrease suspension of 
soil in I’unoff water and decrease the sealing of the soil surface by disintegrated 
soil aggregates, I'loth resulting in decreased erosion and increased infiltration 
capacity. Whether these effects will actually be found under field conditions is 
being investigat ed. 


TABLI^] i\ 


Eff(ct of MCS Ircaloicnl on pUiatic iti'hxes of four soil niafcrials 



LIQUID J IMI r 

PL\«?TIC LIMIT 

PLVSlIt 

INDnX 


C hc(.k 

0 5 pcf 
tent \rCS 

died. 

(' S i)t‘r 
tent Mrs 

Check 

0 5 pe? 
tent AICS 

Marshall silt loam 

43.4 

39 () 

2() 2 

25 0 

17.2 

14.1 

Ida silt loam’ 

3() S 

3() 3 

28 7 

20 t 

8 1 

(i 0 

Mankato till 

32.0 

31 7 

17.1 j 

17 (> 

15 R 

14.1 

Edina subsoil 

79 0 

i 71.S 

31.1 

32.0 

48 5 

39.8 


RLDlI - 
TION OI 
PLVSIK 
INDIK 


f>er cent 


19 

15 

11 

IS 


‘ Troatod at a nito of 0.2 per cont MCS. 


xVnother ciuestion that arises concerns the possible toxic or obnoxious effects 
of the treatment on soil or soil organisms. Data to clarify this point have been 
(*()llected but will need extension ])efore conclusions can be drawn. 

The results obtained may throw more light on the (piestion of water-stability 
of soil aggregates. Soil organic matter has consistently been found to contribute 
to water-stability. IMost explanations for this observed phenoiiKmon have stressed 
organic matter components that were sticky or that in some way bonded soil 
particles together. Perluips the waterproofing organic matter components like 
fatty acids, fats, and waxes are more important for aggregate stability. The role 
of different crops and crop management systems in soil structure deterioration 
or improvement could be viewed from this standpoint also. Due cogni¬ 
zance must be taken of factors like tibrousness of root systems and bodies of soil 
microorganisms, but soil structure audits stability obviously have characters of 
more lasting nature than the presence of root systems or soil microorganisms. 

SUMMARY 

Air-dry soil was exposed to the fumes of a mixture of two methykdilorosilanes 
under reduced pressure. It was found that treatment of different soils, with 



SIUCCONES AND WATBR-STABILITT OP SOIL 


297 


widely vaiying degrees of water-stable aggregation, at a rate of 0.2 per cent and 
0.5 per cent by weight of the soil increased the water-stability. Measured as the 
value of the mean weight-diameter, the aggregation of the soils treated was in¬ 
creased between 50 and 600 per cent, depending on rate of treatment and original 
condition of the soil. 

The plastic index of several soils was found to be decreased as a result of the 
treatment. Practical implications of the experimental results for reducing surface 
sealing, decreasing erodibility, and increasing stability of earth structures are 
indicated. 
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In 1945 information was published (14) on factors in permeability changes 
of soil and inert granular material. Other information obtained on the effect of 
particle size and of temperature on permeability is here presented. 

The effect of texture on permeability is well recognized, presumably actual 
variations being the results of differences in pore size (2; 7; 9, pp. 159-160; 

TABLE 1 

Saturation apparent velocities (v) at unit gradient and permeabilities (k) of inert sand 
separates and of one soil at varying temperatures after entrapped air dissolved (in 
recently boiled distilled water with SO ppm. HgCla added) 

Permeability defined ask vrj/irjs where v * cm.* flow per hr./total cross-sectional area 
of permeameter in cm.*, i « hydraulic gradient, vts « viscosity of water at 20®C. 

in centipoises, ri » actual viscosity of water in centipoises 
Room at constant temperature until permeability constant, then room temperature 
changed in sequence left to right. Uniform compaction, June 1944 


AVESAQS 

FASTtCLS 

DZAMXTXS 

BULK 

DENSITY 

BEAL 

TEMP. 3S®C. 

TEMP. 

2S*C. 

TEMP. 

is*c. 

TEUP 

6^C. 

TEUP. 

3S‘C 

DENSITY 


k 

V* 

h 

P* 

h 

V* 

h 


k 




em.ihr. 

cmjhr. 



em.fhr. 

em.lkr. 



m./kr. 



1.48 


558 

405 


398 

346 

393 

263 

386 

534 

388 

250 

1.47 

2.62 


145 

165 

148 

128 

145 


147 

196 

142 

180 

1.46 

2.63 

116 

84 

90 

81 

71 

81 

54 

79 


80 

110 

1.43 

2.64 

50 

36 

41 

37 

31 

35 

24 

35 

49 

36 

Indio.... 













loamf-. 

1.32 

2.83 

0.89 

0.65 

0.78 



0.72 

0.50 



0.73 


♦At unit gradient. 

t Permeability at a constant temperature was somewhat variable. The permeabilities 
shown were approximate averages. 


10), Size separates of silica sand were taken with an elutriator. The separates 
were thoroughly acid-cleaned and washed and then carefully and uniformly 
packed in permeameters. Permeability was determined with recently boiled dis¬ 
tilled water. Permeability increased until all entrapped air had been dissolved, 
and then became constant. Sizes of the separates were determined by micro¬ 
scopic examination of samples. The work was done in a room kept constantly at 
20°C. Following are the results, with permeability as defined in table 1: 


ilp. pertide size of separates 0») 


500 

875 

360 

368 

250 

102 

180 

82 

110 

28 
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Those who have worked with the permeability of relatively inert sands (5, 
8, 11, 15) have generally concluded tW permeability appears to vary more or 
less in accordance with the viscosity of the water. Others, working with soils 
(4, 6, 12), conclude that the viscosity effect is minor because of the other vari¬ 
ables involved. Bouyoucos (3) found percolation rates to increase with tempera¬ 
ture up to 30°C. and then to decrease. Moore (13), working with soils during 
their initial wetting, found somewhat of a viscosity effect from 5° to 30°C, but 
found a rapid increase in permeability from 30° to 35°C. With soils, microor¬ 
ganisms and the effect of temperature upon their activity can mask direct vis¬ 
cosity effects (1). The runs reported in table 1 were therefore made under pre¬ 
sumably sterile conditions. Size separates were of the same stock supplies as 
were used in runs previously discussed, although the packing technique varied. 

CONCLUSIONS 

With size separates of acid-cleaned and washed silica sand, uniformly packed, 
saturated permeability appeared to be an exponential function of particle size. 

With the same inert sand, under conditions where there could be no activity 
of microorganisms, variation of saturated permeability with temperature was 
wholly a viscosity effect. 
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LdiTgc diumSil fluctuditions of tensiometors hav6 bocii observed by investiga¬ 
tors who have used these instruments to measure soil moisture tension or the 
security with which water is held by the soil. Richards (9) recently provided 
an excellent review of operating characteristics and usefulness of these instru¬ 
ments under field, greenhouse, and laboratory conditions. A problem sometimes 
associated with behavior of tensiometers but which may not always be a serious 
factor is a diurnal tension swing that does not appear entirely related to changes 
in soil moisture content. Richards has pointed out that “tensiometer readings 
are subject to a daily variation that has not yet been fully studied and explained. 
It may be due in part to change in moisture content of the soil because, for 
field installations, readings generally increase during the afternoon when the 
transpiration load is greatest. The diurnal swing is greatest when the cup is 
near the surface and sometimes may be observed in absence of moisture ex¬ 
traction by plant roots.” 

This paper is concerned with the extent of diurnal fluctuations of tensiometers 
on coarse-textured mesa soils, the cause of these fluctuations, and a discussion 
of implications involved in use of the instruments. 

REVIEW or LITERATURE 

Large fluctuations in tho reading of a tensiometer attributed to diurnal temperature 
changes have been reported by Richards et al. (5). This investigation was made in Marshall 
silt loam soil at Clarinda, Iowa. A porous cup connected to a mercury column was installed 
in the center of a 1-quart can of soil, which was carefully sealed to prevent moisture losses. 
Atmospheric pressure in tho soil air was provided by a small vent. When the apparatus 
was fully exposed to the summer sunshine, a maximum variation of about 140 cm. of water 
as indicated by the mercury manometer was noted. A decrease in the manometer reading 
occurred as the soil temperature increased, and conversely a decrease in soil temperatures 
resulted in an increase in manometer reading. Further evidence of daily fluctuations was 
observed in the use of flow gauges that measured vertical flow of soil moisture at depths of 
2 and 6 inches. It is reported that “diurnal fluctuations in the flow rate curves are exagger¬ 
ated by, if not caused by, the temperature fluctuations in the soil.” The related effect of 
temperature on the capillary tension of the soil water was offered as a possible explanation. 

Richards and Neal (4) obtained tensiometric records on a vacuum gauge which indicated 
a variation of approximately 176 and 148 cm. of water at depths of 6 and 12 inches respec¬ 
tively. They found that the capillary tension minima occurred near 6:00 a.m., and the max¬ 
ima occurred between 7:00 and 9:00 p.m. The period of increasing tensions corresponded 
almost exactly to the hours of sunshine on the plot. 

Large daily fluctuations of tensiometer readings have also been noted by Olmstead® at 


^ Contribution from the Yuma Mesa Soil and Crop Laboratory, Yuma, Arizona. The 
authors acknowledge the assistance of J. S. Salyer in collecting data and of C. D. Converse 
in planning this study. 

* Unpublished data—Permission to use data obtained from author by personal com¬ 
munication. 
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Hays, Kansas, where instruments were installed at 3, 6, 9, and 16 inches in fallow soil of a 
wheat-fallow rotation. The magnitude of the fluctuations decreased with depth, and at 
6 inches the tension varied as much as 360 cm. of water in a 24-hour period. Olmstead found 
that he could vary at will the moisture tension as indicated by the mercury manometer by 
simply changing the temperature of the soil mass; that is, when the soil was warmed, the 
tension dropped, and when the soil was cooled, the tension rose. 

Diurnal variations in tensiometer readings as great as 600 cm. of water were observed 
by the authors® where instruments were installed in a guayule nursery at Indio, California 
in 1943. In this instance the soil type was Coachella loamy sand and the crop was irrigated 
by a sprinkler system. 

Moore (3) has studied the effect of temperature on the pressure potential, retension, and 
infiltration rate of soil moisture. In three Yolo soils at three different moisture contents, 
he found rather large effects of temperature on the pressure potential without having ther¬ 
mal gradients. When soil temperatures were rapidly changed from one stage to another 
“it generally required less than 24 hours for significant temperature gradients in the soil 
to disappear. The corresponding pressure potentials also changed rapidly following a change 
in bath temperature, but this phase of rapid pressure change was followed by a longer period 
of slow drift before becoming constant.** No mention was made of the magnitude of the 
changes in pressure potential which occurred during the equilibrium period. 

A tensiometer tends to act like a thermometer when the volume of water in the ten¬ 
siometer changes. An increase in volume of water lowers the tension reading, and con¬ 
versely, a decrease in volume causes the mercury to rise. This effect has been reduced 
(2, 5) by restricting the water capacity of the instrument. It should be emphasized, how¬ 
ever, that fluctuations from this cause tend to minimize the magnitude of the daily vari¬ 
ations noted; that is, increased temperatures cause an increase in volume of water in the 
tensiometer and a subsequent lowering of the mercury colunm. As pointed out above, 
increase in temperature causes an increase in manometer reading. 

EXTENT OF DITJBNAL FLUCTUATIONS 

The investigation was conducted on the Yuma Mesa, near Yuma, Arizona, 
in the spring and summer of 1949. The soils in this area are predominately in 
the Superstition series and range in texture from loamy fine sand to sand. Figure 
1 shows the desorption curves of soil at various depths taken from the experi¬ 
mental site. In this soil most of the water available to plants is held between 
tensions of 100 cm. (approximately field capacity) and 500 cm., or 0.5 atmos¬ 
phere. Diurnal fluctuations of temperature are often as much as 45°F., and 
maximum temperatures of 110 to 120®F, are not uncommon. Low humidity and 
high transpirational losses by plants add to the diflBculty of maintaining an 
ample moisture reserve in soils of low water-holding capacity. 

Observations were made on 155 tensiometers equipped with mercury ma¬ 
nometers as pressure indicators. These instruments were being used in an al¬ 
falfa moisture and fertility experiment and were set to record soil moisture 
tension at the cup at depths of 6,12,18, 24, 36, 48, 72, 96, and 120 inches. The 
tensiometers were constructed as described by Richards (8, 9). 

To determine the extent of the tension swing and the time when maximim 
and minimum readings occurred, successive records were taken on April 21-22 
for 23 hours. The alfalfa was irrigated on April 15 and cut on April 18, three 
days before these observations were made. Figure 2 shows the minimum tension 


* Unpublished data. 
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values occuired between 6 lOO and 8 zOO and mfl^rinmi nf ^ values between. 7 lOO 

and 9:00 p.m. This is in agreement with the observations by Eichaxds and 
Neal (4) and by Ohnstead.* Further examination of these data reveal several 
noteworthy features, namely (a) fluctuations in tension occur to depths of 36 
and 48 inches, the magmtude of the variations decreasing with depth. At 72 and 
120 inches no appreciable changes are noted; (6) the drop in tension which occurs 
between 7:00 and 9:00 p.m, closely approximates the time when soil tempera- 



Fig. 1. Desorption Curves on Superstition Fine Sanr Taken from 
Experimental Site on the Yuma Mesa near Yuma, Arizona 

tures at the 6-mch depth begin to decrease and lags about 4 hours bdiind a 
decline in air temperatures; and (c) volume changes of water in the tensiometer 
system are reflected by a drop in the mercury column as the sun rose (6:02 
a.m.) and air temperatures increased. The magnitude of the fluctuation in centi¬ 
meters of water at the 6-inch depth, which ranges from a minimum of 98 to a 
maximum of 474 and back to a minimum of 74 within a 23-hour period, raises 
a question as to whether the recorded tensions indicate actual soil moisture con¬ 
ditions. This would also apply to tensiometers at depths of 48 inches or less. 

* Unpublished data. 
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A second series of tensiometric records were taken about 2 weeks later, from 
May 5 to 10, at the same site to determine the magnitude of day-to-day changes 
of tension values over one irrigation cycle. The alfalfa meanwhile had reached 
a height of 12 inches and had been irrigated one day prior to the time these 
observations began. The tensiometers were read at 8:00 a.m., 2:00 p.m., 8:00 
pjn., and 2:00 a.m. and, as previously noted, included times when maximtim 
and minimum tensions would be expected. These data are illustrated in figure 
3. The magnitude of the daily variations at 6, 12, and 24 inches increases the 
first 2 or 3 days and decreases again as the upper tension limit of the instru¬ 
ment is approached. The tensiometers at 36 and 48 inches reflect a gradual in- 
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Fio. 2. Pboobbssive Change in Tension Recobped Dubino 23-nouB Febiod bt 
Tbnsiometbbs Installed at Vabious Depths. Soil and Aib 
Tbmpbbatubbs Abb Also Shown 

crease in periodic fluctuations where tensions did not exceed 157 cm. of water. 
The maximum daily variation in moisture tension occurred on May 6-7 at the 
6-inch depth, when the tension in centimeters of water rose from 138 to 594 
and dropped to 146 the next morning. It will a^ain be noted that the diurnal 
fluctuations decrease in magnitude with depth and virtually cease at 72 inches. 

CAUSES OF DIUBlSrAIi FLUCTUATION 

It is apparent from earlier investigations cited that diurnal fluctuations of 
tensiometers are in some manner associated with temperature changes. As pre¬ 
viously noted, the relatively large diurnal fluctuations which occur cannot be 
attributed to the variations in manometer readings caused by volume changes 
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of the water in the tensiometer system. Fluctuations that arise from this cause 
are opposite in direction and thus tend to minimize the daily variations observed. 
The question was raised as to whether the effect of air temperature changes 
might create enough of a temperature gradient between the porous cup and the 
surrounding soil to cause a gain or loss of water from the cup through vapor 
transfer and condensation. It seemed likely that if the metal portion of the in- 



Fio. 3. Day-To-Day Fluctuation op Tensiometers Installed at Various Depths. 
Soil and Air Temperatures Are Indicated in Lower Graph. 


strument to which the porous cup is attached was exposed to the cool night 
air, radiation of heat from the metal would occur more rapidly than from the 
soil. If this were true, it would follow that a temperature gradient from the cup 
to the soil would exist, and xmder these conditions diffusion of water vapor from 
the soil to the cooler porous cup surface would be expected. Then water that 
condensed at the air-water interface of the porous cup would enter the cup, 
since water in the tensiometer system would be under tension. Obviously, this 
would cause a decrease in the manometer reading at a time when air tern- 
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peratures decreased and would be in the direction that major fluctuations have 
been observed. The reverse situation could cause the mercury in the manometer 
to rise by vapor transfer from the cup to the soil when the temperature gradient 
is in the direction of the porous cup. Such would be the case when daytime air 



CAPILLARY CLASS TUBINO - LO MM 


SOIL 1/2* PROM CUP 
. 1/4* . 

- i/ie* . 

II * 

II sro OM water 

f TENSION 

Sl« OM WATER ^ ro SCM 

tension 

Fig. 4. Diagram of Fsperimental Set-up Used to Determine Cause op Diurnal 

Fluctuation op Tensiometers 

Arrangement of auto-irrigafcor pot, tensiometer, and thermistors is shown. Water col¬ 
umn (A) is connected to auto-urigator pot, and water column (B) to tensiometer system. 

temperatures rose and the metal portions of the instrument became warmed 
while the soil remained relatively cool. 

The validity of this theory was checked with the experimental set-up shown 
in figure 4. Constant soil moisture tension in Superstition fine sand was obtained 
with an auto-imgator pot (6, 7). A standard type tensiometer was placed in the 
pot with the porous cup in the center of the soil mass f inch from the bottom* 
The distance from the center of the cup to the soil surface was 5§ inches. Glass- 
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wool insulstion 2 inches thick wss placed on top of the soil and around the 
tensiometer to reduce evaporation and temperature variation at the soil sur¬ 
face. Temperature measurements of the water inside the porous cup, the cup 
wall, and the soil inch and J inch from the cup were made with 14B type 
thermistors (1). Soil temperatures J inch from the cup were obtained with a 
thermometer accurate to 0.1°C. The thermistors and thermometer were placed 
i inch below the point where the cup was attached to the metal conduit. A hole 
inch in diameter drilled inch deep into the cup wall provided a suitable 
cavity in which a thermistor could be imbedded for the measurement of cup 



i 2 3 4 $ 6 12 ta 24 

TIME - HOURS 


Fig. 6. Effect of Change in Tempeeaturb on Tensiombteb Reahinq when Part of 
Instrument Above Insulation is Cooled 

Note decrease in tension during period when temperature gradient existed from cup 
to soil. 

temperature. A temperature change of 0.005°0. was measurable with these in¬ 
struments. 

When the auto-irrigator pot, the soil, and the tensiometer were essentially in 
equilibrium with a tension of 370 cm. of water, powdered dry ice was placed 
aroimd the metal conduit of the tensiometer above the insulated layer which 
covered the soil in the auto-irrigator pot. The progressive changes in the tensi¬ 
ometric reading with temperature are shown in figure 6. In the half hour before 
application of the dry ice, the tension decreased slightly while soil and cup tem¬ 
peratures increased slightly. When the dry ice was applied to the tensiometer, 
a rapid rise of mercury in the manometer equivalent to 32 cm. of water resulted. 
This apparent increase in tension was attributed to volume change of water in 
the tensiometer system. As radiation of heat from the metal tube and porous 
cup progressed, a temperature gradient from the cup to the soil was established, 
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that is, the cup temperature was lower than that of the surrounding soil mass. 
As long as this temperature gradient was maintained, the mercury in the ma¬ 
nometer continued to drop. The diJfference in temperature between the cup and 
soil ^ inch from the cup at the time the mercury began to drop was 0.25®C., 
and the maximum differential attained 24 minutes later was 0.45°C. When the 
dry ice was nearly dissipated, the portion that remained was removed. At this 
time the tensiometer indicated a tension of 136 cm., a maximum drop of 244 
cm. of water. After removal of the dry ice, the temperature gradient decreased 
progressively as the temperatures at all points simultaneously increased. When 
the temperature gradient approached 0, the mercury in the manometer began 
to rise. Two hours and 50 minutes after the experiment was started, the tem- 



I 2 3 4 5 6 7 12 18 24 

TIME- HOURS 


Fig. 6. Effect op Change in Temperature on Tensiometer Reading When Soil Mass 
Abound Tensiometer Cup is Warmed 

Note decrease in tension during period when temperature gradient existed from cup 
to soil. 

perature of the cup and the soil was exactly the same. The rise in tension con¬ 
tinued, and after 24 hours was the same as the initial reading taken before the 
dry ice was applied. 

The same effect was demonstrated when the temperature of the soil was raised 
by circulation of warm water through rubber tubing wrapped around the outside 
of the auto-irrigator pot. The part of the instrument above the insulation re¬ 
mained exposed to room temperature. Figure 6 shows that a temperature gradi¬ 
ent from the cup to the soil resulted soon after heat was applied to the auto¬ 
irrigator pot. A simultaneous lowering of the mercury in the manometer was 
noted at the time the cup temperature dropped 0.010®C. lower than the soil 
emperature ^ inch from the cup and 0.050®C. lower than the soil temperature 
i inch from cup. The mercury continued to drop imtil the heat was removed 
and the temperature gradient again approached 0. Within 12 hours the merciuy 
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gradually rose to the approximate value noted before heat was applied. A max- 
-imum decrease of 217 cm. of water was noted during the time a temperature 
gradient existed. 

It is evident from these laboratory results that diurnal fluctuation of tensi¬ 
ometers is the result of a temperature gradient between the porous cup and the 
soil brought about by temperature changes. Direct evidence that water collects 
at the cup surface and enters the tensiometer systems has been lacking. A simple 
alteration of the apparatus in figure 4 established that this actually happens. 
Capillary copper tubing B was soldered into the air trap of the tensiometer and 
suspended to a depth of 316 cm. in a well. The valve inserted into the line as 
shown in the diagram (fig. 4) permitted the tensiometer system and the sus¬ 
pended tube to be charged with water. When the air bubbles in the line B and 
in the tensiometer were entirely removed, the valve was closed and the tensiom¬ 
eter was permitted to reach equilibrium with the soil moisture. The lower end 
of tube B was placed in water to prevent evaporation. Capillary glass tubing 
was used in the vertical section to detect any air bubbles that might appear in 
the line. 

When equilibrium was attained in the system, the tensiometer recorded 376 
cm. of water tension which was approximately equal to the column of water A 
(fig. 4) connected to the auto-irrigator pot. If the valve in line B had been opened 
at this time, the water contained in this column would have been drawn into 
the tensiometer, since the tension of the water in the tensiometer system was 
60 cm. greater than in line B. Powdered dry ice was then placed aroimd the 
tensiometer in a manner previously described. After the initial rise of the mer¬ 
cury in response to volume changes of the water with temperature, the tension 
began to drop. When the tensiometer recorded a tension of 300 cm. of water, 
the valve in line B was opened and, as would be expected, the mercury immedi¬ 
ately indicated a tension of 316 cm. of water in response to water column B. When 
the valve in line B was opened, flow of water at the lower end of this line was 
observed. In a cooling period of 50 minutes, 0.25 cc. of water had been collected. 
This was more than the calculated amount required to lower the mercury an 
equivalent of 300 cm. of water tension. Since the soil moisture tension was at 
376 cm. of water, it was concluded that water collected at the end of column 
B, which was 316 cm. high, would of necessity be that which had condensed on 
the porous cup during the cooling period. 

Further evidence that diurnal fluctuation of tensiometers is caused by tem¬ 
perature change as it affects vapor movement to and from the porous cup can 
be seen in the inset of figure 7. These data were obtained from four 6-inch ten¬ 
siometers in alfalfa. Each curve represents the average of two tensiometer read¬ 
ings taken at 8:00 a.m., 2:00 p.m., and 8:00 p.m. from July 27 to August 2. 
The arrow indicates the point where two tensiometers represented by the broken 
line were raised § inch to break contact between the porous cup and the soil. 
When the tensiometers were raised this distance, the taper of the cup provided 
a clearance of approximately ^ inch between the cup and the soil. Although 
the magnitude of the fluctuations of the pair represented by the solid line were 
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Fig. 7. Tensiometric Data Showing Comparison op Standard Type 
Tensiometers (A) with Tensiometers Without Metal Support 
(B) at Depths of 6, 12, 24, and 36 Inches 
Insert shows diurnal fluctuations of standard type tensiometers installed to a depth 
of 6 inches. Manometer readings indicated by broken line to the right of arrow were ob¬ 
tained after these instruments were raised i inch to break contact between porous cup and 
soil. Solid line represents variations in manometer readings where porous cup remained 
in contact with soil. 


somewhat greater, a t3^ical tension swing of all tensiometers was apparent for 
the first 3 days. When contact between the cup and the soil was broken at 8:00 
a.m. on July 30, the mercury in the tensiometers, shown by the broken lines, 
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fluctuated daily between a maximum and a mmiimiTYi of approximately 425 
and 25 cm. of water respectively. The behavior of those which remained in con¬ 
tact with the soil over the same period was generally the same as previously 
noted. These data indicate that diffusion of vapor to the cup during the night 
and away from the cup during the day occurs freely even though the soil be¬ 
comes progressively drier. Where the porous cups were in contact with the soil, 
apparently part of the water that collected at the cup was absorbed by the soil 
when the moisture tension of the latter increased with time and probably ac¬ 
counts for the decrease in magnitude of the fluctuations in the drier range of 
soil moisture. 

EiXposure of the metal parts of tensiometers with standard type construction 
to relatively warm days and cool nights and the effect which these temperature 
changes might have on the temperature gradient between the porous cup and 
the soil have been pointed out. Whether the diurnal fluctuations could be re¬ 
duced by a change in tensiometer design was determined by construction of 
four instruments that eliminated the air trap and the metal support to which 
the porous cup was attached. This was accomplished by the underground ex¬ 
tension of two capillary copper tubes from the porous cup to a point 10 feet 
away. One tube served to charge the system with water and eliminate air bubbles, 
while the other was connected to a mercury manometer. These instruments were 
placed 6 inches away from standard type tensiometers in alfalfa at depths of 
6, 12, 24, and 36 inches. The extended copper tubes were buried 8 inches deep 
to minimize any temperature change at the cup. 

A comparison of the results obtained with the two types of instruments be¬ 
tween July 27 and August 2 are shown in figure 7. A t 3 rpical diurnal tension 
swing was recorded at all depths with the tensiometers of standard construction 
(A). Fluctuation of the tensiometers without the metal support (B) was limited 
to the 6-inch depth, and here the magnitude of the variations was considerably 
less. The one irregularity in curve B at the 12-inch depth was attributed to an 
air-leak which developed in the tensiometer system. It appears from these data 
that temperature variation and vapor transfer at the cup are facilitated by heat 
radiation from the metal tensiometer support and the air trap. 

DISCUSSION 

In view of the data presented, a number of questions arise that concern the 
use of tendometers. Foremost among these is the time of day when tensiom¬ 
eters shoxzld be read. Richards (9) suggests that, “The effect of the diurnal fluc¬ 
tuations on the readings of field instruments can be minimized by making the 
readings at the same time of day, preferably in the morning, so as to follow a 
period of slow temperature change.” The data in figure 7 substantiate this state¬ 
ment if the soil moisture tension indicated by the tensiometers without metal 
supports is assumed correct. Minimum tension values of standard tensiometers 
observed in the morning were generally in agreement with the buried tensiom¬ 
eters where diurnal fluctuations had apparently been eliminated below the 6- 
inch depth. When, however, soil moisture samples taken daily at 8:00 a.m. and 
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8:00 p.m., at the various cup depths, were related to tension values as deter¬ 
mined from desorption curves on the composited soil samples, indications were 
that the soil moisture tension was greater than that shown by the maximum 
readings noted at 8:00 p.m. These data were preliminary, and more study is 
needed to clarify this point. Obviously, however, under conditions of the Yuma 
Mesa, it is not certain when tensiometers indicate actual soil moisture condi¬ 
tions, especially in the upper 24 inches of soil. The problem is complicated by 
volume changes of the water in the instrument. It was found that an immediate 
rise in air temperature caused the mercury in the manometer to drop about 6 
cm. of water for each degree C. change in temperature. How much of the rise 
in mercury can be attributed to vapor transfer from the cup to the soil or to 
equilibrium established by actual film contact and flow over the sod particles 
is not known. The possibility that the soil moisture content varies from day to 
day as a result of vapor movement in the soil itself should not be overlooked. 
There are indications that temperature variations with seasonal changes affect 
the magnitude of the fluctuations. During the current summer months when 
maximum temperatures ranged from 105® to 115® and minimum temperatures 
exceeded 80®F., fluctuations were much less pronounced than those observed 
in spring and fall. It also seems likely that, when the water collects at the cup 
surface as air temperatures drop, the soil moisture surroimding the cup might 
be supplemented. This could cause lower tensiometric values especially in coarse- 
textured soils where a small change in moisture content on the steep part of the 
desorption curve causes large differences in tension. 

The complexity of the problem indicates that it would be difficult to read 
tensiometers at a time that would represent the actual moisture conditions in 
the upper 1- or 2-foot layer of soil. From data obtained, one would suspect that 
tensiometers register the correct soil moisture tension twice a day, once during 
the period when the mercury rises in the manometer and again in the period 
when the mercury falls. Until further evidence is presented, it seems advisable 
that tensiometers should be read in the morning. 

It should be emphasized that the above discussion applies to soil and tem¬ 
perature conditions on the Yuma Mesa. Evidence of the extent of diurnal fluc¬ 
tuations in other areas has been previously cited but is too limited for critical 
evaluation. It is, nevertheless, important that those who make use of tensiom¬ 
eters be aware of the fact that where diurnal fluctuations do occur, erroneous 
interpretation of data is possible. This is particularly true where tensiometers 
are used to study soil moisture movement, field capacity, or moisture reserves. 
Diurnal fluctuation of tensiometers used to anticipate the need for irrigation on 
heavier textured soils may not be serious, since the portion of the available range 
of moisture included is considerably less than for coarser textured soils. 

As previously indicated, an attempt has been made to change the design of 
tensiometers which minimized fluctuation due to volume change of the water 
in the system. With proper selection of materials, perhaps further progress can 
be made toward designing a tensiometer which is less sensitive to changes in 
temperature that cause diurnal fluctuation. 
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SUMMARY 

Large diurnal fluctuations of tensiometers were noted under soil and climatic 
conditons of the Yuma Mesa near Yuma, Arizona, during the 1949 season. Ob¬ 
servations were made on 155 standard-type instruments with mercury manom¬ 
eters installed in alfalfa to depths of 6,12,18, 24, 36, 48, 72, 96, and 120 inches. 
It was found that minimum tension values occurred between 6:00 and 8:00 a.m. 
and maximum values between 7:00 and 9:00 p.m. Fluctuations were noted to 
depths of 48 inches, the magnitude of the variations decreasing with depth. No 
appreciable change in tension occurred below 72 inches. Daily variations in ten¬ 
sion of 350 to 400 cm. of water at the 6-inch depth were common. 

Day-to-day changes in manometer readings indicated a progressive increase 
in the magnitude of daily fluctuations the first 2 or 3 days. The extent of these 
variations later decreased as the soil became drier and the upper tension limit 
of the instrument was approached. 

Laboratory studies under conditions of constant soil moisture tension have 
shown that diurnal fluctuations of tensiometers occur when a temperature gra¬ 
dient exists between the porous cup and the soil. Temperature changes at the 
cup were attributed to heat radiation from the metal support and the air trap 
to which the porous cup is attached. When the tensiometer was cooled, a tem¬ 
perature gradient from the cup to the soil was established. As water vapor dif¬ 
fused from the soil to the cooler porous cup surface, condensed vapor entered 
the tensiometer system and caused the mercury in the manometer to drop. As 
the temperature gradient approached 0, the mercury rose to the initial value 
within 12 to 24 hours. 

The complexity of the problem as related to the time of day when tensiom¬ 
eters should be read is discussed. 
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This article deals with physical and chemical properties of soils represeatu^ 
(a) intergrades between brown forest and gray-brown podzolic soils, (&) gray- 
brown podzolic soils with high base status, and (c) gray-brown po^olic soils 
depleted of bases in the upper horizons. These three soil conditions are segments 
of a geographic sequence of profiles on calcareous glacial drift in western New 
York. They have been described in the first article of this series of papers (2), 
where it was suggested that they are analogous to successive stages in the de¬ 
velopment of gray-brown podzolic soils on calcareous material in this region. 

EXFBBIMEMTAL METHODS 

Ten sites were selected in unpastured wooded areas of Ontario County, New 
York, to provide profiles representative of the complete acidity range of well- 
drained soils on glacial till dominated by limestone. Seven of the ten profiles 
were within the range of the gray-brown podzolic Honeoye series; three were 
intergrades between brown forest and gray-brown podzolic soils, tentativdy 
known as the Fenner series but normally undifferentiated from Honeoye soils 
in mapping because of small extent and erratic occurrence in this area. 

The profiles were sampled by genetic horizons delineated on the sides of freshly 
dug pits. The samples were air-dried, ground in a mortar with a rubber-tipped 
pestle, and passed through a 2-nun. sieve. The fractions passing the sieve were 
stored in air-tight glass bottles for analyses. 

Mechanical analyses were made in duplicate by the method of Olmstead et 
al. (15). Bulk densities were determined by the paraSined-clod method. The 
pH values were determined potentiometrically with the glass electrode, using a 
1:1 suspension as suggested by Peech et al. (16). 

The cation-exchange capacities were determined by the method of Peech et 
al. (16). Five grams of soil were used in each determination, and Gooch crucibles 
were used for the leaching. All extracts, except those from the C horizon, were 
nesslerized, and the cation-exchange capacities were determined colorimetri- 
cally. Exchange capacities of the calcareous 0 horizons were determined by 
direct distillation using the Kjeldahl method for ammonia. 

Oi^anic matter determinations were made by the modified Walkley method 
proposed by Peech ei al. (16). 

Total chemical analyses of the material finer than 2 nun. were made according 
to the method propos^ by Robinson (18) with the exception of the determina¬ 
tions of phosphorus, sodium, and potassium. Sodium and potassium were de¬ 
termined by the J. Lawrence Smith method, except that the sinter cake was 

315 



316 


STANLEY B. McCALEB AND MARLIN G. CLINE 


dissolved in HCl, and sodium and potassium were determined with the Beck¬ 
man flame photometer using standard solutions with the same calcium contents 
as the unknowns. Total phosphorus was determined, by the Dean and Deemer 
modification of the Schricker and Dawson method, as given by Bray and Kurtz 
(1), on an aliquot of the solution used for the manganese determination. 

TABLE 1 

Mean particle-size distribution and standard deviations of genetic horizons of profiles grouped 
on the basis of acidity of the A horizons 


In per cent 


HORIZON 

SAND 

SILT 

TOTAL CLAY 

0.2ii CLAY 

Mean 

S.D. 

Mean 

S.D. 

Mean 

S.D. 

Mean 

S.D. 




Group 1, 

S profiles 




Ai 

44.32 

1.51 

37.77 

4.38 

17.90 

2.86 

9.85 

3.04 

Az 

46.95 

0.56 


3.51 

17.43 

2.98 

9.80 

1.39 

B, 

49.05 

7.38 

31.75 

4.21 

19.40 

3.10 

10.68 

7.63 

B, 

52.48 

5.71 


3.89 

16.39 

2.97 

8.19 

4.91 

c 

48.04 

1.67 

39.57 

3.84 

12.41 

2.75 

4.32 

2.07 

Group 4 profiles 

A, 

37.87 

2.33 

44.54 

7.15 

17.33 

6.77 

5.99 

1.45 

An 

38.10 

4.36 

46.36 

4.75 

15.57 

2.43 

5.40 

2.47 

Aaa 

42.84 

7.89 

40.84 

4.24 

16.32 

4.33 

6.60 

1.25 

Bn 

38,96 

2.56 

35.01 

1.64 

25.74 

3.95 

11.64 

3.61 

Bjs 

37.24 

7.48 

35.38 

2.90 

27.52 

4.83 

16.81 

6.05 

B, 

40.02 

1.97 

37.35 

3.40 

22.25 

5.90 

12.87 

3.24 

c 

41.09 

7.49 

43.33 

5.38 

15.70 

7.33 

6.35 

3.76 


Group 5, S profiles 


Ai 

61.09 

1.45 

35.78 

0.67 

12.73 


4.06 

0.27 

An 

54.85 

4.49 

32.74 

3.29 

12.61 


3.36 

1.05 

Aaa 

58.39 

6.23 

29.70 

4.21 

12.10 


2.56 

0.67 

Bn j 

61.17 

6.67 

23.88 

1.44 

14.97 


6.61 

6.07 

Bn 

52.92 

3.73 

25.79 

0.37 

21.61 

3.51 

10.69 

5.40 

B. 

67.93 

3.09 

26.29 

1.54 

15.80 

4.62 

6.96 

4.56 

C 

56.91 

0.86 

33.24 

1 

0.92 

10.86 

1.12 

2.54 

0.84 


EXPERIMENTAL RESULTS 

In this study, the data are presented as means by genetic horizons for each 
of three groups of profiles stratified according to acidity of the upper part of 
the solum. Group 1 includes three profiles in which the pH is above 6.8 through¬ 
out the solum; group 2, four profiles in which the A horizons are slightly acid, 
pH ranging mainly from 6.0 to 6.8; and group 3, three profiles in which the A 
horizons are medium or strongly acid, pH ranging from 5.0 to 6.0. Profiles of 
the three groups are shown diagrammatically as the Fenner series, the neutral 
extreme of the Honeoye series, and the acid extreme of the Honeoye series in 
figure 2 of the first paper of this series (2). 
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Tsblo 1 gives the pdxticle-size distribution as mean values by groups. All of 
the profiles except one were loam types. Two of the three profiles of group 1 
approach fine sandy loams, and one, a silt loam; all profiles of group 2 approach 
silt lo ams ; and all profiles of group 3 approach fine sandy loams. Texture is 



Fig. 1. Mban Obganic Matter Content and Distribution with Depth in Profiles 
Grouped on the Basis of Acidity of the A Horizons 


TABLE 2 

Mean and standard deviation of hulk density of genetic horizons of profiles grouped on the 

basts of acidity of the A horizons 


hosizon 

GROUP 1 

GROUP 2 

GROUP 3 


Mean 

SD. 


SD. 

Mean 

S.D. 

Ai 

1.01 

0.16 

1.08 

0.06 

1.03 

0.07 

A21 

— 

— 

1.62 

0.13 

1.31 

0.10 

An 

1.44 

0.08 

1,67 

0.13 

1.71 

0.17 

Bj2 

1.62 

0.04 

1.55 

0.07 

1.67 

0.17 

Bs 

1.68 

0.04 

1,60 

0.17 

1.61 

0.14 

c 

1.80 

0.11 

1.66 

0.13 

1.70 

0.06 


relatively uniform throu^out the solums of group 1. Soils of groups 2 and 3 
have strong clay maxima in the B horizons, the maximum being at a greater 
depth in the more acid soils. 

The distribution of organic matter with depth in the upper 2 feet is shown 
in figure 1. Values are expressed as absolute amounts per unit volume based on 
the original determinations of bulk density and organic matter. Both the ab¬ 
solute amount and the depth of incorporation of organic matter decrease from 
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the neutral to the acid soils. Variation among profiles of the same group is large, 
coefilcients of variability ranging from 11 to 25 per cent of the means. Variability 
is of the same order of magnitude for individual horizons hi^ in organic matter, 
but coefficients may be 50 per cent of the small means of horizons deep in the 
profile. 

Bulk densities (table 2) are related to organic matter and clay contents of 
the horizons. Values increase sharply from the Ai horizon, where organic mat¬ 
ter concentration is highest, to the Aa. In the soils of group 1 there is a general 
increase with depth, but in ^e other two groups, both of wffich have pronounced 
textural profiles, there is a slight maximum in the Ajj horizon, where both or¬ 
ganic matter and day are low. The values for the B horizons of these two 
groups are probably slightly too high because of errors inherent in the paraffined- 
clod method for soils with large aggregates. 

TABLE 3 


Mean and standard deviation of cation-exchange capacity of genetic horizone of profilee grouped 
on the basie of acidity of the A horizone 
In milliequivalents per 100 gm. 


EOSUON 

OSOUP 1 

OBODP 2 

OKOtTP 3 


Mean 

S.D. 

Mean 

S.D. 

Mean 

S.D. 

Ai 

22.96 

0.75 

22.6 

4.79 

16.20 

2.63 

Aji 

— 

— 

12.6 

6.23 

7.70 

0.41 

Ati 

10.66 

1.89 

10.95 

2.66 

6.30 

0.88 

Bji 

— 

— 

13.10 

2.61 



Bss 

10.60 

2.36 

14.30 

2.71 

8.90 

1.28 

Bj 

9.26 

1.00 

12.60 

1.48 

7.90 

0.77 

C 

4.13 

0.79 

6.40 

1.84 

4.79 

0.24 


The cation-exchange capacities (table 3) are functions of clay and organic- 
matter contents. The high exchange capacities of the Ai horizons of all groups 
reflect thdr high concentrations of organic matter. In group 1, decreasing or¬ 
ganic matter with depth more than compensates for the sli^t increase of clay 
in the B horizon and results in decreasing cation-exchange capacity with depth. 
Both of the other groups have minima in the Ae and C horizons and maxima in 
the Ai and B in conformity with the distribution of clay and organic matter. 
It will be noted that horizons of group 3 have consistently lower exchange ca¬ 
pacities than do comparable horizons of the other two groups, which may also 
be explained by lower clay content, lower organic-matter levds, or a combina¬ 
tion of the two. The trends of exchange capacity with depth, however, are re¬ 
markably s i mi l ar for groups 2 and 3 and are cffiaracteristic of well-devdoped 
gray-brown podzolic soils. 

Acidity of the A horizon is the basis on which profiles have been grouped, 
and table 4 shows the degree of s^egation obtained and the variability in each 
group. The table also shows the general trends of pH with depth and indicates, 
indirectly, the relative losses of exchangeable bases from various horizons. XJn- 
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TABLE 4 

Mean and standard deviation of pH of genetic horizons of profiles grouped on the basis of 

acidity of the A horizons 


BOBIZON 

Group 1 

Group 11 

Group ni 


Mean 

S.D. 

Mean 

S.D. 

Mean 

S.D. 

n 

6.98 

0.14 

6.12 

0.33 

6.72 

0.02 

BSI 

— 


6.22 

0.28 

6.17 

0.27 


7.32 


6.16 

0.33 

6.82 

0.61 

■SB 

— 


6.46 

0.36 

6.70 

0,10 


7.62 

0.19 

6.56 

0.78 

6.62 

0,67 


7.76 

0.01 

7.07 

0.62 

— 

— 

IK 

8.36 

0.20 

8.11 

0.22 

8.33 

0.06 


TABLE 5 

Mean chemical composition of genetic horizons of profiles grouped on the basis of acidity of 

the A horizons 


In i)er cent 


BOSXZON 

X.OSS OK 
IGMZTXOK 

i 

SiOr 







NaiO 

PiOs 

MnO 

Group 1 

Ai 

9.97 

69.30 

9.76 

2.82 

0.69 

2.67 

0.76 

2.78 

1.72 

0.12 

0.07 

Ai 

4.03 

74.09 

11.63 

2.47 

0.67 

1.69 

0.88 

3.28 

1.46 

0.07 


B, 

3,48 

70.62 

12.33 



2.66 



1.71 

Esni 


Bs 

8.16 

72.16 

11.30 

3.63 

0.67 

2.92 



1.78 

0.11 


C 

10,66 

67.13 

10.11 

2.82 


11.26 

3.07 

2.92 

1.47 

0.20 



Group 2 


Ai 



8.32 

2.83 


1.74 

0.80 

2.88 

1.91 

0.10 

0.06 

Ail 

3.98 

74.40 

10.63 

3.31 


1.64 

0.79 

3.37 

1.96 

0.05 

0.06 

All 

3.23 

74.82 

10.64 



1.19 

0.94 

3.19 

2.07 

0.06 

0.05 

Bn 

4.23 

67.64 

13.64 

4.97 

0.64 

1.90 

1.09 

4.41 

1.78 

0.07 

0.07 

Bn 

4.48 

67.84 

14.14 

4.04 

0.47 

2.30 

1.19 

3.71 

1.92 

0.05 

0.06 

B» 

4.62 

67.97 


3.71 

0.66 

2.02 

1.87 

3.14 

1.86 

0.07 

0.06 

C 

9.99 



3.66 

0.40 

8.79 

2.18 

3.23 

1.66 

0.11 

0.06 


Group S 


Ai 

9.76 

70.84 

9.64 

2.74 

HI 

1.66 

0.48 

2.62 

1.70 

0.16 

0.04 

Aii 

3.80 

78.96 

7.13 

3.04 


1.72 

0.62 

2.67 

1.81 

0.05 

0.03 

Ai. 

2.46 

78.41 

8.30 

2.99 


2.02 

0.82 

2.86 

2.06 

0.06 

0.03 

Bii 

2.71 

72.77 

12.40 

3.41 

0.66 

1.89 

1.01 

3.06 

1.99 

0.06 

0.06 

Bii 

3.01 

69.48 

13.80 

4.24 

0.70 

2.22 

0.99 

3.46 

1.86 


0.04 

Bi 

6.06 

68.98 

11.78 

2.94 

0.66 

4.46 

1.79 

3.30 

1.46 

0.16 

0.05 

0 

8.47 

69.72 

10.26 

2.88 

0.69 

10.81 

3.37 

2.69 

1.44 


0.04 


published data from other studies show that soils of this region are approxi¬ 
mately 30 per cent base-saturated at pH 5.0; 55 per cent, at pH 6.5; and 80 
per cent, at pH 6,0. It will be noted, therefore, that although carbonates have 
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been lost to a much greater depth in group 2 than in group 1, exchangeable 
bases are high throughout the solums of both groups 1 and 2 relative to group 3. 

Mean values from total chemical analyses are given in table 5 by genetic 
horizons for each of the three groups. In general, these data are characteristic 
of gray-brown podzolic soils, but the normal trends with depth are least striking 
for group 1 and are most strongly expressed in group 3. Loss on ignition reflects 
the concentration of organic matter in the Ai horizons of all groups, the con¬ 
centration of clays in the B horizons of groups 2 and 3, and the high carbonate 
content of C horizons of all groups. Silica is at a maximum in the A 2 horizons 
of all groups, but the most striking difference between horizons within each 
group is the decrease from B to C as a consequence of the diluting effect of 



Fig. 2. Silica-Alumina Molbculab Ratios Based on Mean Chemical Composition op 
Genetic Horizons in Profiles Grouped on the Basis op Acidity op the A Horizons 

carbonates in the C. The greatest differential of silica within the solum is in the 
group 3. 

Alumina and iron distributions are the opposite of that for silica; the maxima 
in all groups are in the B horizon, and the minima are in the A. Absolute values 
reflect the clay distribution within profiles and among groups of profiles. The 
solums of all groups have lost large amounts of calcium and magnesium (mainly 
as carbonates) in comparison to the C horizons, and these losses strongly affect 
the relative values of all other constituents. The return of calcium to the sur¬ 
face by vegetation is apparent for group 1, is less evident for group 2, and is 
not apparent from the data for group 3. Except for this effect, both calcium 
and magnesium increase with depth. Potassium is at a minimum in the Ai hori¬ 
zon and a maximum in the B in all groups, whereas sodium is at a Tuinimiim in 
the C of all groups. The highest phosphorus concentrations are in the Ai hori- 
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Pig. 3. Molbculab Ratios op the Sum op Divalent Bases to Alumina, Basel on Mean 
Chemical Composition op Genetic Horizons in Profiles Grouped on 
THE Basis op Acidity op the A Horizons 

TABLE 6 


Molecular ratios of genetic horizons in profiles grouped on the basis of acidity of the A horizons 


HOSXZON 

CaO/AliOi 

MgO/AlsOs 

MgO + CaO/EsO + NasO 


Group 1 

Group 2 

Group 3 

Group 1 

Group 2 

Group 3 

Group 1 

Group 2 

Group 3 

At 

0.60 

0.38 

0.32 

0.20 

0.25 

0.13 

1.17 

0.83 

19 

An 

— 

0.29 

0.44 

— 

0.19 

0.19 

— 

0.74 

Eam 

Ass 

0.26 

0.21 

0.45 

0,19 

0.21 

0.25 

0.86 

0.66 


Bn 

— 

0.25 

0.28 

— 

0.21 

0.21 

— 

0.82 

iis 

B., 

0.38 


0.29 

0.22 

0.21 

0.19 

1.13 

1.00 

0.96 

B. 

0.47 

0.26 


0.25 

0.34 

0.39 

1.24 

1.30 

2.12 

c 

2,07 

1.62 

1.91 

1.50 

0.56 

1.74 

6.49 

3.57 

7.16 


KsOAlX)! 

NajO/AliOi 

FeaOi/AlaOt 


Group 1 

Group 2 

Group 3 

Group 1 

Group 2 

Group 3 

Group 1 

Group 2 

Group 3 

Ai 

0.31 

0.38 

1^ 

0.29 

0.38 

0.30 

0.18 

0.22 

0.18 

Asi 

— 

0.36 

mm 

— 


0.41 

— 

0.20 

0.27 

Ass 

0.31 

0.33 

0.38 

0.20 

0.32 

0.41 

0.14 

0.22 

0.23 

Bsi 

— 

0.36 

0.27 

— 

0.21 

0.26 

— 

0.23 

0.18 

Bss 


0.28 

0.27 

0.22 

0.23 

0.23 

0.22 

0.18 

0.19 

Bs 


0.24 

0.31 

0.26 

0.22 

0.20 

0.20 

0.17 

0.16 

C 

0.32 

0.36 

0.28 

0.23 

0.26 

0.23 

0.18 

0.24 

0.18 


zons in association with high organic-matter levels and in the relatively slightly 
weathered C horizons. 
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Relative concentration of silica with respect to alumina is shown in figure 2, 
With increasing acidity from group 1 to group 3, alumina decreases greatly with 
respect to silica in the A horizons. The iron-alumina molecular ratios in table 6 
indicate some concentration of iron with respect to alumina with increasing 
acidity. 

Molecular ratios of the sum of divalent bases to alumina are shown graphically 
in figure 3. The loss of these bases relative to loss of alumina in the solums of 
all groups is very striking when C horizons are compared with any horizon of 
the solum. The return of bases by vegetation to the Ai horizon noted previously 



Fia. 4. Molbculab Ratios op thbs Sum op Monovalent Bases to Alumina, Based on 
Mean Chemical Composition op Genetic Horizons op Pbopiles 
Grouped on the Basis op Acidity op the A Horizons 

is reflected in the graphs of groups 1 and 2, but in the acid soils of group 3, this 
process has not offset losses of bases relative to aluminia. 

Molecular ratios of monovalent bases to alumina are shown in figure 4. The 
ratios are remarkably uniform throughout the solums of the soils of group 1. 
Losses of alumina relative to monovalent bases in the slightly acid soils of 
group 2 have been large in the upper, most acid horizons but decrease with 
depth and increasing pH within the profile. This relationship to pH is even more 
pronounced in the medium to strongly acid profiles of group 3. 

DISCUSSION 

It is sdf-evident that each of the profiles used in this study must have evolved 
by a succ^ion of changes from the unaltered glacial till of Pleistocene time to 
the soil profile sampled. Following Kubiena’s reasoning (11), one would expect 
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a succession of stages of soil development to have evolved with time. At any 
given stage, many physical, chemical, and biological processes must have oper¬ 
ated concurrently, some at such slow rates as to have been negligible and others 
at such rapid rates as to have dominated the net effects on soil formation. As 
long as the Telative rates of contributing processes remained unchanged, one 
would expect soil development to have been restricted to increasing degree of 
expression of a given combination of soil properties. Development in these terms, 
however, implies changes of the soil that would ultimately have affected relative 
rates of processes, and this would be expected to have led to development of 
new sets of soil characteristics. Of all of the changes known to have occurred, 
none would have exercised greater control over rates of many contributing proc¬ 
esses than depletion of bases and consequent development of acidity. 

The base status of the profiles studied has decreased with time but to different 
degrees among the three groups. There is no evidence of major geologic uncon¬ 
formity within any of the profiles studied, and it may be assumed that the 
glacial till at all sites was originally strongly calcareous throughout. Loss of 
both carbonates and exchangeable bases would have occurred as a function of 
factors that would have affected rates of leaching and return of bases in vegeta¬ 
tion. Of these, differences of permeability would be the most likely to have caused 
the observed differences in base status, but whatever the cause may have been, 
the fact remains that the three groups have reached different stages of base 
depletion in approximately the same time. 

There is no way to determine the course followed by depletion of bases in the 
profiles studied, but it would be expected to have approximated the trends of 
increasing acidity and depth to carbonates (depth to the C horizon) from group 
1 to group 3 in table 4. One would expect maximum losses to have occurred in 
the upper horizons but to have been offset to some extent in the Ai by return 
of bases by vegetation. Depth to carbonates should have increased, and pH of 
a given horizon should have decreased with time, the compensating return of 
bases becoming more apparent in pH profiles though smaller in absolute amoimt 
as acidity increased. On this basis, it may be assumed that the base status of 
each of the three groups approximates that of a former stage in the depletion 
of bases of soils that are now more acid, without denying the possibility that 
the base status of each profile studied may be an equilibrium condition imder 
the special circumstances of its external and internal environment. Absolvie rates 
of processes may have been limited by local environmental factors to such a 
degree that at lease quasi-equilibrium with geomorphic processes would be es¬ 
tablished at a stage through which dominant soils of the region would normally 
have passed. 

If it may be granted that decreasing base status from group 1 to group 3 
approximates the expected course of base depletion with time, it can be shown 
that the observed differences of amount of organic matter, amount and distribu¬ 
tion of clay, and chemical composition of genetic horizons would also approxi¬ 
mate the general course of expected changes with time, although the absolute 
magnitudes of the properties involved might vary in different absolute time 
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Organic matter 

Organic-matter levels (fig. 1) are correlated with base status in these soils. 
Dawson (4), using the concepts of Jenny (10), NikiforoiSf (14), and Salter and 
Green (19), has developed quantitative relationships for organic-matter balance 
around a basic assumption that soil humus in a given environment is a function 
of the balance between additions and losses of nitrogen. In line with Dawson’s 
reasoning, organic matter would be expected to decrease mth increasing acidity 
as a consequence of decreasing nitrogen fixation and probable decreasing effec¬ 
tiveness of vegetation in conserving the nitrogen present. Increasing acidity 
should reduce nitrogen fixation directly, and possibly indirectly also by reducing 
legumes in the vegetation. Depletion of bases might also cause a decrease of 
nitrogen uptake by vegetation, either by changes in composition of the stand 
or reduction of growth rates. The net effect should be to decrease the level of 
nitrogen balance and organic-matter content as functions of decreasing base 
status with time. The observed differences of organic matter among soil groups 
are small but consistent in trend and are commensurate with the relatively 
small decrease of bases among these profiles, which represent only a segment 
of the sequence described in the first paper of this series (2), Similar correlation 
between biological activity, organic-matter content, and base status has been 
reported by Kubiena (11) for comparable soils in Europe. 

Clay distribution 

The position in the profile and degree of expression of the textural B horizon 
(table 1) are apparently related to loss of bases and development of acidity as 
a function of time. It will be noted in table 1 that clays decrease sharply with 
depth at the point below which carbonates occur. Part of the difference between 
B and C horizons can be attributed to dilution by carbonates, as Mickelson (13) 
and Mick (12) have demonstrated, but recalculation of the data on a carbonate- 
free basis still leaves a differential clay content of the order of 2 to 1. This char¬ 
acteristic, therefore, appears to represent a real differential accumulation of 
clays within the solum, and the depth of that accumulation appears to be a 
function of increasing depth to carbonates. It will also be noted in table 1 that 
a clay minimum occurs in the A horizon and that its magnitude and depth in 
the profile appear to be functions of increasing acidity with time. Theoretical 
considerations would cause one to expect these relationships although the de¬ 
velopment of the textural B horizon in gray-brown podzolic soils may be the 
net result of several processes. 

Theoretically at time zero, the clay-mineral distribution should be uniform 
as to both species and amount throughout the upper part of the till profile. As 
soil formation progresses, probably new kinds of clay minerals or new amounts 
of the original kinds would be formed, and this assumption is supported by pre¬ 
liminary evidence of alteration of micas to a vermiculite, which could be an 
intermediate stage in clay formation. In accord with the principles of polyfunc- 
tional weathering presented by Jackson et al. (9), clay destruction should be 
proceeding concurrently with clay formation, and the net gain or loss of clay 
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in the solum as a whole should be determined by the balance between these 
two processes as a fxmction of time. The dominant species present should ul¬ 
timately be those most resistant to weathering under the internal environment 
of each horizon. 

One would expect clays to be formed more rapidly in the solum than in the 
C horizon on the basis of Stevens' conclusion (20) that carbonates inhibit weath¬ 
ering of silicates, which would be the parent materials of clays. Consequently, 
the zone of most rapid clay formation should follow the calcareous C horizon 
downward as a function of time. Jackson et at (9) point out that the effects of 
depth as such on weathering intensity are small within depth limits like those 
studied here. 

The clay mineral species that accumulate during the early stages of base de¬ 
pletion should be those most stable under conditions of neutrality, as in profiles 
of group 1 or in the B horizons of all groups. As acidity develops with time, 
changes in the relative rates of clay formation and destruction would be expected 
because both acidity and specific surface are involved. Jackson et at (9) found 
silicate clays to be more stable than minerals that are their parent materials, 
if they are of comparable particle size, but these authors also point out that 
both increasing specific surface and increasing acidity accelerate weathering. 
As the minerals from which clays are derived are concentrated mainly in the 
coarser size fractions, it is reasonable to expect that acceleration of weathering 
by increasing acidity would affect the rate of silicate clay destruction more than 
it would the rate of clay formation for those species that would accumulate 
under a neutral environment. Possibly, the absolute rates of destruction of some 
species of silicate clays could surpass their rates of formation from “less resist¬ 
ant" but coarser minerals as acidity increases with time. Thus, the high clay 
contents of neutral horizons might be attributed to more rapid formation than 
destruction of silicate clays, and the low clay contents of acid horizons, to more 
rapid destruction than foimation. This could account, in part, for the observed 
increase in magnitude and depth of the clay minimum in the upper part of the 
profile from group 1 to group 3 in table 1. 

Acceleration of clay weathering with increasing acidity would not be likely 
to account for all of the differences observed, especially between groups 1 and 
2, both of which have relatively high pH values throughout the solum. Clay 
migration from the A to the B horizon appears to be an important contributing 
process even in soils that are only slightly acid. Petrographic examination of 
thin sections of comparable soils (6) has provided positive evidence of the mi¬ 
gration of clay from the A to the B horizon. Removal of clay from the A appears 
to be related to the distance from voids as a means of exit either of clay particles 
or of soluble end-products of weathering. Some zones of residual clay are evident 
where no means of exit are present, even in the A 2 horizon. In the B horizons, 
masses of clay are conspicuous in layers along the voids in addition to dissem¬ 
inated masses which either could have been inherited or could have formed in 
place. Petrographic evidence of orientation of these clays parallel to the pore 
walls is convincing evidence of secondary enrichment from percolating waters. 
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Acidity should be an important factor governing peptization of clays in the A 
and isoelectric precipitation in the B; therefore, the thickness of the zone of 
eluviation and the depth of the clay accumulation in the solum should be re¬ 
lated to loss of bases as a function of time and permeability of the profile. 

Chemical composition 

There are consistent trends of chemical composition among groups. Within 
the solums, silica, sodium, potassium, calcium, and iron increase relative to alu¬ 
minum with increasing acidity among comparable horizons of the three groups 
and, except for calcium, among horizons of the same group (figures 2, 3 and 4 
and table 6). 

By a process of elimination, it can be shown that the major trends noted 
above reflect mainly the observed decrease of clays with increasing acidity. 

1. After removal of carbonates, the major classes of minerals in the parent materials 
of these soils would be quartz, feldspars, micas, and silicate clays with smaller proportions 
of amphiboles, pyroxenes, and possibly oxides of iron and aluminum. 

2. The increase of SiOa/AljOa ratios with increasing acidity in figure 2 indicates ac¬ 
celerated loss of some aluminum-bearing mineral relative to quartz. A high degree of sta¬ 
bility of quartz in the silt and sand fractions would conform with the Goldich stability 
series (7). Jackson et al. (9) point out that marked insolubility of silica occurs at pH values 
far below those in these soils; therefore, differential loss of alumina and accumulation of 
silica from aluminosilicates would not be expected. The small secondary maximum at high 
pH in the Bs horizon may be the result of pyrophyllite formation as suggested by Mickel- 
son (13). 

3. The trends of NaaO/AbOs and KaO/AUOs mol ratios with increasing acidity in table 
6 suggest accelerated loss of some aluminosilicate relative to sodic and potash feldspars as 
acidity increases. Ratios of monovalent bases to alumina, as calculated from data by Petti- 
john (17), Dana (3), and Dennison et al. (5), approximate 1.0 for orthoclase, microcline, 
and aJbite; 0.14 to 0.66 for biotite; 0.27 to 0.35 for muscovite; and 0.36 for illite. The ratios 
of figure 4 approach the theoretical maximum of the feldspars in the most acid horizons 
of group 3. This would indicate that the concentration of *‘high-ratio” minerals has in¬ 
creased relative to the **low-ratio” minerals in the more acid horizons of group 3. In the 
neutral horizons of group 1 the value is near 0.4, which indicates no relative concentration 
of * ^high-ratio” minerals. The ratios in group 2 are intermediate, suggesting an intermedi¬ 
ate concentration of “high-ratio” minerals. As differential loss of end products of weather¬ 
ing of feldspars would be expected to result in trends opposite to those observed, the trends 
with increasing acidity apparently result from differential acceleration of loss of “low- 
ratio” minerals like micas, clays, or those that contain no monovalent bases. 

4. By similar reasoning, the CaO/AljOj ratios in table 6 and CaO-f-MgO/AlaOi ratios 
in figure 3 suggest that increasing acidity increases the loss of micas, vermiculites, or sili¬ 
cate clays more than the loss of minerals that carry higher proportions of calcium. The 
principal sources of divalent bases in the solum should be plagioclase feldspars, pyroxenes, 
amphiboles, micas, epidote, vermiculites, and silicate clays. Of these, all except feldspars 
and epidote would contribute magnesium or both megnesium and calcium. It will be noted 
in table 6 that MgO/AbO* ratios show no consistent trends with increasing acidity, indi¬ 
cating that the acceleration of losses of alumina noted above must be matched by acceler¬ 
ation of losses of magnesium as acidity increases. Plagioclase feldspars, or epidote or both 
appear to be concentrated as acidity increases by acceleration of the loss of one or more of 
the minerals that contribute mainly aluminum and magnesium to the ratios. The pyrox¬ 
enes and amphiboles should contribute little aluminum but contain both magnesium and 
iron. 
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5. It will be noted in table 6 that FeiOa/AhOa ratios suggest greater loss of alumina 
than of iron with increasing acidity. Data of Frei and Cline (6) show that iron oxide filniff 
on sand particles increase with increasing acidity, which suggests increased rates of weath¬ 
ering of ferromagnesian nodnerals, the iron remaining in the profile. This would conform 
with the weathering sequence postulated by Goldich (7). Humbert and Marshall (8) report 
synthesis of epidote presumably from weathering products of plagioclase feldspars, py¬ 
roxenes, and amphiboles, which would lead to conservation of calcium with respect to 
magnesium as noted here and also would permit an increase of Fe 203 /Al 203 ratios if the 
iron were not lost. 

All of these criteria point to micas, vermiculities, or clay minerals as the prin¬ 
cipal sources of differential loss of alumina with increasing acidity, with the 
possibility of differential loss of oxides of aluminum in the more acid horizons. 
Preliminary petrographic studies show a high degree of alteration of micas to 
vermiculite in profiles of group 2, and this could well be the first stage in the 
formation of silicate clays. Although desilication would be the major process 
involved in alteration of these silicates under the neutral or alkaline conditions 
that existed originally, iron and aluminum oxides might be released by weathering 
of these or other minerals in some quantities. Increasing acidity would accelerate 
their loss, which would contribute to the trends of chemical composition ob¬ 
served. The major part of these trends, however, appears to be a reflection of 
accelerated loss of silicate clays by weathering or translocation or both. 

SUMMARY 

Particle-size distribution, bulk density, organic matter, cation-exchange ca¬ 
pacity, pH, and total chemical composition were determined for genetic hori¬ 
zons of each of 10 profiles ranging from neutral intergrades between brown forest 
and gray-brown podzolic soils to strongly acid gray-brown podzolic soils. The 
profiles were grouped on the basis of acidity of the A horizons to give three 
groups approximating three successive stages in the depletion of bases in soils 
on calcareous parent material. With decreasing base status in the A horizons, 
(a) organic matter decreases, (6) depth of solum increases, (c) thickness of the 
A 2 horizon increases, (d) magnitude of the clay maximum in the B horizon in¬ 
creases, and (e) aluminum decreases with respect to silica, sodium, potassium, 
calcium, and iron among comparable subdivisions of the A horizon. Auminum 
and magnesium remain at near-constant proportions. The decrease of aluminum 
with respect to other constituents is attributed to an increase in the rates of 
loss of silicate clays with respect to rates of weathering of minerals in coarser 
size fractions as acidity increases. It is suggested that the observed trends among 
groups of profiles are functions of base depletion with time and that each of 
the groups of profiles approximates a stage in the development of more acid 
soils, although any of the groups sampled may be an equilibiium nroduct of 
its parlicular environment. 
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American Potato Yearbook, Edited by John C. Campbell. Agricultural Experi¬ 
ment Station, New Brunswick, New Jersey, 1950. Pp. 76. Price, paper- 
bound, $2. 

The purpose of this yearbook is to record in one volume all the agencies and 
associations that are concerned with the development of the potato industry. 
In addition, the booklet contains a lai^e number of statistical data on potato 
acreage, production, and prices and presents information on certified seed and 
quality of produce. It also gives the rules and regulations affecting shipments 
of seed potatoes and price support schedules. Recent books on potatoes are re¬ 
viewed and other matters of interest to the industry are reported on. 

Anmcal Review of Plant Physiology, Edited by D. 1. Arnon. Annual Reviews, 
Inc., Stanford, California. Pp. 364. Price $6. 

This is volume 1 of what is expected to be a series of annual reviews of ad¬ 
vances in plant physiology. It contains 15 papers on mineral nutrition, carbon 
dioxide fixation, light relationships, tropisms, organic acids, sugars, growth- 
regulators, herbicides, cell-wall growth, biochemistry of fruits, respiration, ni¬ 
trogenous constituents, water relations, soil moisture, and soil chemistry, all in 
relation to plants. The authors are outstanding specialists in these respective 
fields of research. The reviews are largely limited to work conducted during the 
last 2 to 5 years. Attached to each review is a long list of references. The pub¬ 
lications of some 1,800 workers in plant physiology are covered. The subjects 
to be reviewed in volume 2, with their authors, are also shown. One of the 
most interesting of the reviews in volume 1 is that of Thimann and Bonner on 
organic acid metabolism, which contains a very complete statement on the oc¬ 
currence and distribution of such acids in plants. The general excellence of all 
the reviews is such that every worker in soil-plant science will want a copy 
available for I’eady reference. 

The Biogeochemistry of Vertebrate Excretion, By George Evelyn Hutchinson. 
American Museum of Natural Histoiy, New York, 1950. Pp. 554, figs. 103, 
plates 16. Price, papcrboimd, $10. 

This is bulletin 96 of the Survey of Contemporary Knowledge of Biochemistry. 
It has to do with the deposition and nature of bird and bat guanos. The primary 
point of interest lies in the total amounts of nitrogen and phosphorus contained 
in these materials. The extent of the old and new deposits is recorded, as are also 
the factors which determined their rate of deposition, the chemical composition 
of the nitrogenous guanos, the nature of the phosphatic guanos, and the locations 
of the several deposits. Consideration is also given to the cave guanos and to the 
geochemistry of guano mineral. A tremendous amoxmt of study and work has 
gone into the preparation of this volume. The material contained in it is of great 
historical as well us current interest. Among the unique points developed are 
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those dealing with the formation of oxalic acid from uric acid, the high copper 
content of some of the bat guanos, and the statement that only a small percent¬ 
age of the phosphorus that is lost from the land to the sea is returned in the 
guano. A bibliography of references to the work of some 700 authors is ap¬ 
pended. For those who are interested in guanos, this is a very important volume. 

Centennial. American Association for the Advancement of Science. Washington, 

D. C., 1950. Pp. 313. Price $5. 

The American Association for the Advancement of Science celebrated its first 
100 years of existence by holding a meeting at Washington, D. C., September 
13-17, 1948, and this book contains the 42 addresses of the scientists who were 
invited to speak on that occasion. The papers cover a wide range of subjects on 
science in relation to society, educational potentials, human individuality, nu¬ 
trition, housing, health problems, sources of energy, upper atmosphere, natural 
resources, genes and cytoplasm, high polymers, interactions of matter and ra¬ 
diation, and waves and rhythms. Soil-plant scientists will be especially interested 
in “Nutrition and Climatic Pattern of Soil Development,” by William A. Al¬ 
brecht; “Seven Decades of Nutrition Research,” by A. C. Elvchjem; “Science 
and Control of Human Population,” by Warren S. Thompson; “Solar Energy,” 
by Farrington Daniels; “Living on the Biosphere,” by G. E. Hutchinson; “Plants 
and Vegetation as Exhaustible Resources,” by Stanley A. Cain; “Exploitation 
of Mineral Resources,” by T. S. Lovering; and “Genes as Determiners of Cellu¬ 
lar Biochemistry,” by David M. Boimer. The book contams the substance of a 
liberal education in science and should enjoy a very wide reading. 

Fm-ever the Land. Edited by RtrssBiiL Lokd. Btarper and Brothers, New York, 

1960. Pp. 394. Price $5. 

Russdl Lord has the happy faculty of being able to draw to himself those who 
have an abiding faith in the good earth as a rejuvenating force for man himself, 
as well as for the plants and animals that grow on the farm. Many of these 
coimtry-mindcd folks have tried to put their thoughts into words, and Lord has 
selected the most attractive of these bits of prose and poetry for this anthology. 
Kate Lord, his wife, has added an equally important touch in her line drawings of 
farm scenes, by which she somehow conveys to the reader some of the peace and 
serenity that obtain. The book is an outgrowth of the Friends of the Land move¬ 
ment, and many of the selections were originally published in that society’s 
journal, “The Land.” All country-minded farm and city folks will find this book 
very attractive reading. It is one of the t 3 fpe that can be kept at hand to advan¬ 
tage for pick-up reading as time permits. 

Geamorphology. By Noeman E. A. Hinds. Prentice Hall, Inc., New York, 1943. 

Price $8. 

The subtitle on this very attractive book is “The evolution of a landscape.” 
The author has developed his subject largely on the pictorial basis. Some 750 il¬ 
lustrations, laigely reproductions of photographs but supplemented by a con- 
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siderable number of excellent drawings, aid the reader in understanding the text. 
It is not clear for whom the book is written, but one gets the impression that it 
is designed primarily for the more inquiring types of persons who vacation about 
the country without having any very definite concepts of the geological happen¬ 
ings of the past. It could be used to advantage in a cultural course in an arts col¬ 
lege. A bibliography of more than 700 references is appended. The book has 
permanent value. 

Hydrology. Second Edition. By Daniel W. Mead. McGraw-Hill Book Company, 

Inc., New York, 1950. Pp. 728, figs. 397. Price $7.50. 

This second edition was revised and enlarged by Mead and Hunt, Inc., Con¬ 
sulting Engineers. The work was done largely by Henry J. Hunt, who has long 
been associated with Professor Mead. A number of enlargements and improve¬ 
ments in the discussion have been effected, with special reference to measure¬ 
ments of evaporation, means of producing artificial rainfall, methods of weighing 
precipitation records, application of the theory of probability to drought and 
flood frequencies, and the increasing demands for water by cities and industries. 
The book contains a large amount of very important and interesting information 
on winds, storms, hydrography, evaporation, precipitation, great rainfalls, 
droughts, geological agencies, ground waters, stream flow, runoff, and floods. 
The last chapter is concerned with the applications of hydrology. A list of impor¬ 
tant references is appended to each chapter. The large number and excellence of 
the illustrations add greatly to the readability and value of the volume. Most of 
those who are concerned with soil and water conservation would benefit greatly 
by having a copy for study and reference. 

Iodine and Plant Life, Chilean Iodine Educational Bureau, London, 1950. 

114. 

This is a paper-bound annotated bibliography of the literature on iodine cov¬ 
ering the period between 1813 and 1949, with a 24-page review of the literature. 
It reports the iodine content of seaweeds and land plants, the effect of iodine on 
the growth and well-being of plants, animals, and microorganisms, and the use 
of the element for plant-protection purposes, including seed disinfection, weed¬ 
killing, and as an insecticide. A total of 794 papers are reviewed. The Bureau 
has made a highly important contribution to scientific literature by compiling 
this material. 

The Nviritional Improvement of Life, By Heney C. She r m an . Columbia Univer¬ 
sity Press, New York, 1950. Pp. 270. Price $3.75. 

^‘No longer need it be so generally true, as once it appeared to be, that life 
after 70 is but burden and sorrow.” That sentence gives an indication of the 
concern of the author in writing this book. Included among the many factors 
mentioned as important for better health are: lowering consumption of protein, 
increasing the calcium content of the diet, including adequate amounts of vitamin 
A, giving more consideration to beans and nuts, ‘‘marrying health and agncul- 
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ture/’ and recognizing that heredity may be “enhanced, dwarfed, warped, or 
mutilated in its expression,” depending on nutritional factors. The author agrees 
with George R. Minot who said: “Man’s future will depend very largely upon 
what he decides to eat.” The final chapter deals with the subject of better nutri¬ 
tional status for more people. The appendix includes the 1946 world food survey, 
records of actual food consumption, and a selected bibliography of about 400 
references. The book should find a place on the shelves of all those who are con¬ 
cerned with the production and processing of food plants. 

Plant Viruses and Virus Diseasesy Third Edition. By F. C. Bawden. The Chron¬ 
ica Botanica Co., Waltham, Miassachusetts, and Stechert-Hafner, Inc., New 
York, 1950. Pp. 335, figs. 59. Price $6. 

One chapter and many new illustrations were added to the third edition, and 
much of the text was rewritten. This was necessitated by the rapid advances 
that have been made in this field of research. The introductoiy chapter defines 
the nature of viruses. The succeeding chapters deal with external and internal 
symptoms, methods of transmission, relations between viruses and vectors, 
mutations, serological reactions, methods of assaying, purification, properties, 
inactivation, toxonomy, relation to the host, control measures, and speculations 
as to origin. A long list of references is appended to each chapter, the work of 
some 500 authors being reviewed. The illustrations are excellent and of extraor¬ 
dinary interest to the soil-plant scientist. The book is the work of a skillful 
writer who has presented the subject in a very attractive manner. The last 
chapter is of special importance in that it deals with two questions: Are viruses 
living things? and How do viruses originate? The book fills a highly important 
need, and every plant specialist will want a copy close at hand for ready reference. 

Pocket Encyclopedia of Atomic Energy. By Feank Gaynor. Philosophical Library, 
Inc., New York, 1960. Pp, 204. Price $7.50. 

The purpose of this book is to present definitions and explanations of the many 
terms that are being employed in discussions of atomic energy. Individual entries 
for each element cover properties of stable forms and radioisotopes. Important 
research laboratories and installations are shown. Short biographical sketches 
are given of the most prominent personages in this field of science. German 
equivalents are given for some of the tenns as a convenience to those who are 
studying German literature on this subject. Among the more than 2,000 entries 
are 34 tables, charts, and iUustrations. The book is especially useful for the begin¬ 
ning student in this science but has value also to those who are already working 
in this field of research. 

RainfaXL and Runoff. By Edgar E. Foster. The Macmillan Company, New 
York, 1949. Pp. 487, figs. 179. Price $9. 

The author of this book presents an excellent picture of the science of hydrol¬ 
ogy as related to rainfall and runoff, with statistical analyses of the available 
data. He begins with a consideration of the principles involved and then proceeds 
with a discussion of precipitation, air masses, storms, evaporation, runoff, floods, 



BOOKS 


333 


ground water, and use of hydrological data. A list of 200 references is appended. 
The acts of Nature are accepted and analyzed without reference to any possible 
controls that might be applied by man. But the author provides the data that 
are necessary to be assembled before the scientist who is concerned with soil and 
water conservation can begin his research program. The book is of special value 
for reference for those who have to do with the control of rainfall and the use of 
water for agricultural and other purposes. 

The Recovery of Culture. By Heney Bailey Stevens. Harper and Brothers" New 

York, 1950. Pp. 247, figs. 6. Price $3. 

The author of this book follows, with highly interesting details, the develop¬ 
ment of the primate family during the last 60 million years and then carefully 
analyzes some important happenings during the age of man. He comes to the 
conclusion that somewhere along the path of life mankind took the wrong turn 
and that, as a result, the whole world is in turmoil. That wrong turn had to do 
with the change from vegetarianism to flesh-eating. Wars, soil erosion, and im¬ 
poverished and starving peoples are the result. It is seldom that a reader finds 
himself confronted with such a radical departure from the common thought. The 
book merits wide reading by thoughtful men. 

Science and Foreign Relations. By Lloyd V. Berknee. Department of State 

Publication 3860,1950. Pp. 170. 

This is a report of a special consultant to the Secretary of State, looking toward 
the establishment of a group of scientific advisors who would gather and dissemi¬ 
nate nonsecret research information. It recommends that American scientists be 
sent to all foreign gatherings of scientists and that foreign scientists be encouraged 
to attend such meetings in this coimtry. The net effect of this proposal would be 
to keep the channels open for the ready movement of scientists and their con¬ 
cepts, The consulting scientists presumably would play important parts in de¬ 
termining the policies of the Department of State. They would be attaches with 
full diplomatic status. 

SM Fertility. By L. M. Thompson. William C. Brown Company, Dubuque, 

Iowa, 1949. Pp. 136, figs. 46. Price $1.25. 

This is a loose-leaf, spiral-bound set of notes employed by the author to save 
the student’s time in class. Its several chapters deal with factors affecting 
plant growth, clay minerals, soil reaction, liming practices, nitrogen, phosphorus, 
potassium, fertilizer practice, manures, and plant composition. The presentation 
is built around the soil and agricultural requirements of Iowa, but much of the 
material is generally applicable. The loose-leaf system permits of continuous 
revision and that, no doubt, is the author’s intention. The material is well chosen 
and is illustrated by graphs. A list of references is appended to each chapter. The 
appendix contains 9 tables of data for reference in calculations related to the 
several nutrients in soils, plants, and fertilizers. 


The Editors. 
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Since 1943, the Nizamsagar Development Board of the Government of Hy¬ 
derabad Deccan has sponsored quagmire research and reclamation in the Nizam¬ 
sagar area, the location, topography, natural vegetation, climate, and soils of 
which were pi'eviously outlined.® 

The present paper describes the formation aud morphological features of 
quagmires in this area and discusses remedial measures. 

SALINIZATION OF SOILS 

The leaching process predominates in the soils of the Nizamsagar area, as 
the annual precipitation is heavy, varying from 30 to 50 inches. Readily soluble 
salts such as the bicarbonates, chlorides, sulfates, and carbonates of sodium, 
potassium, calcium, and magnesium are transported from higher to lower levels 
and tend to accumulate in pocket-like areas, depressions, midslopes, and valley 
basins. Hidden saline soils® are thus first formed. The ground water in these 
soils has a high salt concentration. The chemical composition of such ground 
waters from widely scattered areas is given in table 1. 

With the progress of salinization, highly alkaline patches of soil are formed, 
and the native vegetation, unable to tolerate the high concentration of salts in 
the soil, finally disappears. The chemical composition of the surface salt scrapings 
from different saline patches of soil is given in table 2. 

FORMATION OF QUAGMIRES 

In the alkaline patches with bad drainage and damp subsoils, small, circular, 
fluffy saline spots are observed. Characteristic salt- and water-loving vegetation 
springs up in and around these spots, which develop at different rates into quag¬ 
mires, locally known as ‘‘phodas.'' Salts tend to accumulate in the subsoil overly¬ 
ing the impervious disintegrating parent material. As the bulk of these are sodium 
salts, much sodium enters the clay complex. The subsoil absorbs 64 to 381 per 

1 Temporarily withdrawn; resubmitted June 12,1950. 

* Krishna, P. G., and Perumal, S. Structure in black cotton soils of the Nizamsagar 
project area, Hyderabad Si.ato, India. Boil Bci. 66: 29-38. 1948. 

® JoiTe, J. S. Pedology. Rutgers University Press, New Brunswick, N. J. 1936. 
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cent water, on an oven-dry basis, and assumes a fluid state due to dispersion of 
the sodium clay. The absorption of an enormous quantity of water by the clay 
causes swelling, which exerts great pressure on the surface soil. As a result, the 
surface soil is lifted into flat-topped cone-shaped knolls, which finally burst 
open. Much slimy fluid is ejected from the center of these quagmires. 

MORPHOLOGY OP QUAGMIRES 

Quagmires have been encountered which range from a few inches to 3 feet in 
height above ground level and from 3 to 25 feet in diameter. In the red sandy 
loams, the depth varies from 3 to 6 feet, which corresponds with the depth at 
which the parent rock material lies. In the black sandy clays and clays, the depth 
is veiy gi*eat. Quagmires in the red and black soils arc shown in figures 1 and 2. 


TABLE 1 

Chemical composition of ground waters in hidden saline soils 


MLLXQE AND SURVEY NO. 

pH 

COi 

IICO, 

Cl 

SOi 

Ca 

Mg 

Na 

K 



ppm. 

ppm 

ppm. 

ppm 

ppm 

ppm. 

ppm 

ppm 

Jakora, 201 

8.3 

18 

470 

27 

38 

216 

16 

146 

54 

Kothapally, 340 

8.4 

26 

185 

14 

0 

11 

49 

46 

3 

Rakoor, 162 


39 

225 

4359 

1570 

82 

602 

2372 

12 

Rudrur, 258 

8.9 

48 

403 

39 

46 

88 

34 

112 

44 


TABLE 2 

Chemical composition of surface salt scrapings from soils 


VILLAGE AND SURVEY 
NO. 

COj 

HCOa 

Cl 

SO 4 

t 

Ca 

Mg 

Na 

HUMUS 


per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

prr cent 

per cent 

olloor, 127 

tr. 

0.63 

7.80 

28.19 

0 

1.31 

27.29 

4.66 

akli, 21 

0 

0.29 

2.12 

31.49 

0 

0.87 

28.89 

3.49 

albhapur, 96 

0 

0.42 

9.92 

25.72 

8.27 

1.57 

16.70 

4.66 

albhapur, 63 

tr. 

0.52 

3.54 

30.83 

0.77 

0.96 

28.83 

4.43 


Ejection of fluid is illustrated in figure 3. Figure 4 presents a bird's eye view of 
a patch of quaggy clay soil. 

Figure 5 illustrates the surface of a quagmire during summer. The central 
portion (A) is watery. The yellowish or whitish fluid starts solidifying from the 
sides of the quagmire as summer progresses. Salts deposited on the suifacc 
form a white incrustation—solonchak (B). Black patches of solonetz incrustations 
(C), which result from dissolution of humus by sodium carbonate, are commonly 
observed. The ejected fluid, on drying, cracks into multisided, highly baked, 
very hard clods (D). 

The characteristic salt- and water-loving weed and grass vegetation of the 
quagmire is illustrated in figure 6. 

The fluid in the quagmire contains a free admixture of ferruginous concretions, 
white lime concretions, black manganese nodules, and yellowish angular quartz 
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Fig. 1 Fig. 2 

Fig. 1. Quagmire in Red Soil 
Fig. 2 Quagmire in Bl\ck Soil 



Fig. 4 Fig, 4 

Fig. 3. Ejection of Fluid from Quagmire 
Fig. 4. Quagmires on Clay Land 



Fig. 6 Surpac’k of Quagmire During Summer 
Fig, 6. Vegetation of Quagmire 
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pieces, which are commonly encountered in a majority of the soils of the tract. 
A vei-tical section of a dried quagmire exhibits a stmctureless, highly sticky 
clay mass. 

Fluid samples from quagmires occurring in widely scattered iireas were an¬ 
alyzed for their water-soluble salts. The results are recorded in table 3. The fluid 
is highly alkaline, with pH values ranging from 8.3 to 8.5. The bulk of the soluble 
salts are those of sodium, which is the predominant cation. The anions arc car¬ 
bonates and chlorides. The carbonates are present mostly as bicarbonates and 
partly as normal carbonates. Sulfates are entirely absent. Alkali carbonate is 

TABLE 3 


SoIuble->salt content oj fluid* from quagmires 


VILLAGE AND NO. 

i 

C08 

HCO 1 

Cl 

Mg 

Na 

K 

TOTAL 



ppm. 

ppm. 

ppm. 

ppm. 

ppm. 

ppm. 

ppm. 

Akbarnagar, a. 

8.30 

122.4 

1244 

71 

54 

506 

0 

2086.4 

Akbarnagar, b. 

8.30 

122.4 

1867 

170 

72 

1030 

0 

3261.4 

Ersapally, a . 

8.50 ' 

122.4 

1991 

99 

65 

720 

0 

2998.4 

Pandu, a. 

8.40 

122.4 

1742 

71 

18 

833 

20 

2806.4 

Pandu, b. 

8.50 

122.4 

1867 

78 

0 

1000 

59 

3126.4 

Pandu, c. 

8.50 

122.4 

1493 

64 

48 

625 

0 

2352.4 

Pandu, d. 

8.40 

122.4 

1742 

78 

24 

749 

69 

2784.4 


* In parts per million of fresh fluid. No SO 4 and only traces of Ca found in any of the 
samples. 


TABLE 4 

Exchangeable bases in fluid from quagmires 


VILLAGE 

Ca 

Mg 

Na 

K 

TOTAL 

Na AS PER 
CENT OF TOTAL 



me. 

me. 

me. 

me. 


Akbarnagar. 

18.55 

4.76 

12.12 

1.11 

36.54 , 

34.73 

Ersapally. 

15,29 

2.23 

13.55 

1.25 

32.32 

41.87 

Pandu. 

20.69 

6.59 

10.23 

0.93 

38.44 

26,61 


* me. = per 100 gm. air-dried ejecta passed through a 2 -mm. sieve. 


predominant, NaCl is negligible, other electrolytes like Na 2 S 04 , and flocculating 
cations like Ca are totally absent. 

By the continued action of such a soil solution, the clay is alkalinized and 
saturated with sodium, which renders it highly dispersive and deflocculated. 
In the presence of a considerable excess of water, the dispersed soil material in 
the quagmire is in the form of a sol. The relative proportion of the exchangeable 
bases in the fluids is given in table 4. Obviously, the quagmires are sodium soils. 
The high content of exchangeable sodium is responsible for the deterioration of 
the structure of the soil. The high alkaline reaction of the fluid is due to the for¬ 
mation of soda, as explained by Gedroiz. The adsorbed sodium in the colloidal 
complex is hydrolyzed to NaOH, which combines with the CO 2 of the soil to 
form Na 2 C 03 . 
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When wet, the quagmire is active. In this stage it ejects fluid during and after 
the rainy season. After several years, the activity ceases, and the quagmire be¬ 
comes latent. The soil material then dries to a hard, crusty mass, and the quag¬ 
mire looks like a cone-shaped crater. 

The quagmire is a type of solonetz foimed under specific conditions of topog¬ 
raphy and drainage. It is not a recent formation. The introduction of irrigation 
two decades ago intensified the process and increased the rate of its develop¬ 
ment. 

The following morphological descriptions of five soil profiles studied along the 
slope of a quagmire-peivaded land under reclamation illustrate the process of 
quagmire formation: 


Profile 1 

The natural vegetation consists of stunted Ischaemum pilosum (“Kunda’’ 
grass) growing in clumps. The moisture content is high, increasing with depth. 
Lime and manganese nodules are freely distributed. A few yellowish quartz 
pebbles arc present here and there. There is no water table at a depth of 7 feet. 

0-60 inches Dark gray clay with sand intrusions. Faint lentil structure 
between 24 and 42 inches, otherwise lumpy. The clay, to a 
depth of 36 inches, does not effervesce with acid; below, it is 
feebly effervescent. 

60-72 inches Merging of horizons. Pale yellowish gray clay feebly effer¬ 
vescent with acid. A few soft white lime concretions present. 

72~>84 inches Yellowish clay, moist, massive, and impeded. Many fist-like 
lime concretions present. 

Profile 2 

The natural vegetation consists of sparse patchy Ischaemum pilosum. On 
exposure' and drying, the profile exhibits a highly cracked pattern. There is no 
water table at a depth of 6| feet. 

0-52 inches Black clay becoming lighter in color with depth. Fairly moist, 
the moisture content increasing with depth. There is a free 
distribution of dark and white fine lime nodules. The clay 
does not effeiwesce with acid. It is very hard and compact 
except between 6 and 12 inches, where it is friable. From 
12-24 inches it has a prismatic structure; between 24 and 
36 inches it has a faintly lentil structure. Gypsum crystals 
are present in abundance between 36 and 52 inches. 

52-60 inches Merging of horizons. Yellowish gray clay, massive, very hard 
and compact. Does not effervesce with acid. A few large (2 
inches thick) lime concretions present. Gypsum in crystalline 
form is absent below 52 inches. On drying there is a slight 
white salt efflorescence. 

60->76 inches A distinct, differently colored horizon. Yellowish clay, mas¬ 
sive, hard, compact, and impeded. Effervesces feebly with 
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acid. Many gray splotches. There is a free distribution of 
large hard white lime concretions. 

Profile 3 {active quaqmire) 

This is an active quagmire ripped open during summer. An iron crowbar 
8 feet long easily slips completely into it. The surface of the quagmire is 
white as a result of salt inciiistation and fine-sand accumulation. It is void of 
any kind of vegetation. Around the quagmire there is a growth of salt-loving 
grasses. There is slight fine-sand admixture below 24 inches. Water is struck 
feet below the surface. Below 6 inches, the clay as a whole caves in. 

0- 5 inches White sandy clay, dry and strongly effervescent with acid. 

5-36 inches Gray clay, very moist, highly sticky, compact, and stmcture- 
less. There is feeble effervescence with acid. On exposure, the 
clay quickly turns black. 

36->42 inches Same as above but heavily charged with lime. The clay ef¬ 
fervesces very strongly with acid. 

Profile 4 

This is similar to profile 2. There is a fairly good vegetative cover of Cynadon 
dactylon (“Hariyali” grass) and Ischaemum pilosum. The soil to a depth of 4 
feet is clay loam, grayish black, hard, and compact. The clay is sticky when 
moistened and becomes very heavy with depth. In the profile there is a free 
distribution of white lime and black manganese nodules. A few angular quarfz 
pieces are also present. There is no water table at a depth of 6 feet. 

0- 4 inches Strong effervescence with acid. 

4-10 inches No effervescence with acid. 

10-22 inches Feeble effervescence with acid. 

22-48 inches Feeble effervescence with acid. Faintly lentil stmeture. 

48-66 inches A distinctly different horizon. Yellowish calcareous clay, moist, 
sticky, and massive. Abundant hard white lime concretions 
present. 

66->72 inches Yellowish disintegrating rock, splotched with gray lime. Moist, 
sticky, and impervious. Strongly calcareous. 

Profile 5 

Sheet erosion is severe. Quartz pebbles are freely encountered on the land 
surface. A few granitic boulders lie exposed in the soil. Ischaemum pilosum grows 
in clumps and patches. There are a few tiny plants of Acacia arabica (*‘Babul”). 
To a depth of 30 inches, the soil effervesces feebly with acid; below, effervescence 
is very strong. There is no water table at a depth of 5^ feet. 

O- 4 inches Gray sandy clay loam, fairly dry. 

4-12 inches Grayish black clay, moist and compact. 

12-36 inches Grayish black clay of fair moisture content. Prismatic struc¬ 
ture. From 18 inches downward, there are small shiny salt 
crystals. There are a few pockets of salt around 36 inches. 
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3(5—50 inclies Grayish black clay becoming lighter in color with depth. 

Rather moist and sticky. Faintly convex lentil structure. 

50—GO inches Yellowish gray plastic clay. Strongly effervescent with acid. 

Some lime concretions present. 

G0->GG inches Yellow clay, massive, impeded, and strongly calcareous. 

Highly sticky when moistened. 

The hve profiles are illustrated in figure 7. The soil is of the deep black cotton 
type having a salt and lime accumulation zone in the subsoil. The surface soil, 
12 to 24 inches thick, becomes heavier in texture with the downward slope of 
the land, vaiying from sandy clay to clay loam and clay. It is cloddy, tough, and 
impeded. The subsoil, 26 to 48 inches thick, is prismatic cloddy to faintly lentil 



Fic. 7. Kivk PiiOPiLKs 8 tiii)iki) Along tiijs Slopjb of Quagmire-Pervaded Land, 
Akbarnagar Village, Nizamsagar Project 

structurod cluy, favoring appreciable lateral drainage. This is underlin by hard 
and impervious granitic* parent material. The surface of this rocky substratum 
is in the form of a trough. As the slope of the land is good and the surface soil is 
impervious, most of the rain water is carried away as surface runofF, little per¬ 
colating downward. The salt-laden seepage from the subsoil of the adjoining 
elevated red soil area, however, runs laterally through the fairly pervious subsoil 
overlying the impervious substratum and accumulates in the trough-shaped 
mantle of the substratum to foim a water pocket. The concretionary layer of 
alkaline material and t.he clay in the subsoil imbibe a large quantity of water. 
Thus the volume is increased when saturation occurs, slush is formed and finally 
enipts into (piagmires. 
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RED AND BLACK SOHjS AND THEIR RELATION TO QUAGMIRE FORMATION 

The adjoining red and black soils are formed on the same graniloid-gneissic 
parent material. Red soils occupy the elevated hilly areas of the macrorelief 
and microrelief of the project tract. The red soils arc the normal soils. They 
have developed under free drainage and arc residual. The black soils have 
developed under restricted drainage and are cumulose' or transported. In red 
soils, the products of weathering are thoroughly leached away. In black soils, 
only a small quantity is lost; in fact, the black soils are enriched with the products 
leached from the elevated red soils. 

The sandy clays lie below sandy loams when only these two classes of soil 
occur or between sandy loams and clays when all three classes are present. 

Sodium is the first base to be released by weathering, and the sandy loams 
are depleted of it because of their light texture and efficient drainage. It is trans¬ 
ported to the immediately adjoining sandy clays. Initially, much sodium enters 
the colloidal complex of the sandy clay soils. At this stage of weathering, the 
clay, on absorption of water, swells as a result of deflocculation, which makes the 
soil massive. During summer periods there is intense desiccation, and the clayey 
soil is fragmented as a result of evaporation of moisture and shrinkage. With 
the process of fragmentation, cleaving takes place. This improves drainage. 
Weathering is intense because of the alternating wet and dry seasons. When, 
later, calcium comes into the soil solution, the sodium that has entered the 
colloidal complex is gi'adually replaced by calcium, and the clay is transfoimed 
into a calcium clay, which ultimately forms the typical calcium-saturated produc¬ 
tive clay soils. The replacement of sodium by calcium also facilitates formation 
of a favorable structure by tending to flocculate the clay into granules and 
thereby improving its permeability. 

Quagmires are formed in all the textural classes of soil—sandy loams, sandy 
clays, and clays. The prerequisite for their fonnation is impediment to the flow 
of salt-laden underground seepage. Pocket-like depressions, the junction of 
different textured soils, and the middle portions of vast slopes favor their de¬ 
velopment. 

In sandy loams, quagmires develop in basin-shaped depressions where drain¬ 
age is utterly lacking and on sloping plains where geologic conditions favor their 
formation. They form especially at the contact zone of the sandy loams and the 
sandy clays. Here conditions favoring formation of quagmires are the sudden 
infiltration of abundant mateiial readily transported from the higher loose-tex¬ 
tured sandy loams and the sudden heavy texture and imperviousness of the 
sandy clays. The quagmires that develop in sandy clay regions continue to be 
active as long as subsoil drainage remains retarded, and they become latent 
when the drainage becomes well established. 

Quagmires are not encountered in the river border clays, as these are markedly 
permeable and thoroughly drained. 

* Krishna, P. G. Soils of Gangawathi. Report on the Agricultural Survey of the Tungab- 
hadra Project Area, Hyderabad State, India, by J. B. Mehta. 1933. 
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REMEDIAL MEASURES 

Measures to check quagmire formation and to reclaim quagmire-pervaded 
lands are imperative in view of the menance to agriculture and the danger to 
livestock, for animals not uncommonly sink bodily and perish in active quag¬ 
mires. 

As drainage in quagmire-pervaded lands is very bad, the first step should be to 
provide an efficient diainage system. The efficient working of a subsoil drain in 
quaggy land is illustiated in figure 8. Several small artificial ponds, which since 
the introduction of canal irrigation in the Nizamsagar tract have served no use¬ 
ful purpose but only caused waterlogging, should be breached. Canals and 
distributaiies should be lined in places where there is much seepage, especially 



Fra. 8. An ErriiJCTivE Drain in Quaggy L\nd 


where they run on embankments or in cuttings of soil laden with soluble alkali 
salts. Wells may be sunk at suitable places for pumping out water to relieve 
waterlogging. To avoid alkaline subsoil waters, these waters should be analyzed 
prior to location of sites for large wells. Salt resistant varieties of sugar-cane® 
must be cultivated in areas commanded by such wells. Ample provision for 
culverts and water channels should be made when diking is resorted to for 
laying out railway lines, roads, or even canals and distributaries that interfere 
with the natural drainage. 

The quagmire lands should be subjected to proper reclamation treatment for 
reducing the alkalinity. Addition of large quantities of bulky organic manures 

® Krishna, P. G Investinations on the alkalinity and saltiness in. Gur (Jaggery) made 
from Coimiiatorc sugarcane varieties. Indian Jour. Agr, Sci. 19(1): 163-179. 19431 


3i4 


P. G. KRISHNA AND S. PERUMAL 


would improve the physical condition of the soil. Gypsum should be applied 
to prevent formation of alkali carbonate (Na 2 CO.O and reduce alkalinity. It 
may be mixed, at the rate of 200 to 300 pounds per acre, with manure to be 
distributed on such soils. Largo applications of gypsum would have to be made 
to soils that are very strongly alkaline. In the reclamation of quagmire-per¬ 
vaded lands, 1 ton of gypsum per acre would have to bo applied. 
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Steam under pressure sei*ves adequately to rid soil of viable organisms, but 
such treatment may cause alterations in the structure, organic matter, or concen¬ 
tration of soluble salts in the soil. In consequence, heat treatment may make 
soils either more or less favorable for the growth of soil microorganisms or of 
higher plants. A method of sterilizing soil without changing its inherent charac¬ 
teristics is greatly to be desired. 

Roberts et aL (6) reported in 1943 that ethylene oxide vapor could be used to 
sterilize soil completely, and that soluble salts were not increased during the 
sterilization process. Recently, Dalton and Hurwitz (2) have confirmed the 
efficacy of ethylene oxide as a soil-sterilizing agent, and have noted that its use 
induced little change in amount of ammonium-acetate-soluble copper and 
manganese in soil. A general review of the sterilizing action of gaseous ethylene 
oxide has been prepared by Phillips and Kaye (5). 

Both the ease of application of ethylene oxide vapor and the apparent lack 
of undesirable changes in soil properties led to efforts to evaluate this means of 
soil sterilization. It was quickly noted that the microbial production of carbon 
dioxide from soil sterilized with ethylene oxide and then reinoculated greatly 
exceeded that produced either from untreated for from steam-sterilized lots of 
the same soil (1). Apparently there was a severalfold increase in the amount of 
carbonaceous material readily available for microbial utilization. Concurrently, 
Allison® noted that sterilization of soils with ethylene oxide raised their pH 
values. 

This paper presents some observations of the effect of treatment with ethylene 
oxide on the total carbon, pH, and readily available phosphorus values of prairie 
soils and on the carbon dioxide evolution from such soils when incubated moist 
following treatment. 

MATERIALS AND METHODS 

Locally collected prairie soils were air-dried and screened initially. Individual 
soil portions of 100 to 500 gm. in shallow layers were exposed to ethylene oxide 
vapor within a pressure-style aluminum cooker of 9 1. capacity and with the lid 
refitted with three brass petcocks. One petcock was connected to a vacuum 
pump, a second to a vacuum gauge, and a third to a small cylindrical funnel 
through which known amounts of ethylene oxide could be introduced. Prior to 
introduction of ethylene oxide, the initial atmosphere was evacuated. The mois- 

1 U. S. Department of Agriculture and Iowa Agricultural Experiment Station, cooperat¬ 
ing. Journal Paper no. J-1749, Project 965, of the Iowa Agricultural Experiment Station. 

» Allison, L. Fj. Unpublished report of the U. S. Regional Salinity Laboratory, River¬ 
side, California. 1949. 
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ture status of soil lots during exposure, atmospheres of ethylene oxide used, and 
duration of exposure are noted in conjunction with the experimental observations. 
After exposure, all soil lots were thoroughly aerated, to remove traces of ethylene 
oxide vapor, which otherwise might interfere with microbial recolonization. 

For respiration studies, 100-gm. soil portions, in triplicate, were maintained 
in mbber-stoppered 500-mL conical flasks, connected to a moisture-saturated, 
C02-free air stream. The outgoing air stream was passed through standard alkali 
for continuous collection of CO 2 . Prior to incubation, soil lots were watered to 
bring them to 50 cm. of moisture tension and inoculated with 1 gm. of freshly 
collected soil. Check soil lots were similarly inoculated. Incubation was at 30°C., 
usually for 2 weeks. 

Total carbon was determined by the dry combustion method. Eeadily avail¬ 
able phosphorus was taken as that obtained by shaking 1 gm. of soil in 7 ml. of 
0.03 N NH4F in 0.025 N HCl for 1 minute. Phosphorus content of the extract 
was determined by the method of Dickman and Bray. The pH was determined 
by means of a glass electrode. 


TABLE 1 

Cumulative carbon dioxide evolution from unaterilizedf steam-sterilized^ and ethylene-oxide 

sterilized soil lots 


jmXJJCL SOIL TREATUENT 


COi EVOLVED* PER 100 OM. SOIL DURING INCUBATION PERIODS 



1 day 

2 days 

4 days 

6 days 

8 days 

10 days 

14 days 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

None. 

23 

39 

71 

88 

no 

116 

144 

Steam (15 p.s.i., 30"). 

27 

61 

100 

122 

143 

155 

181 

Ethylene oxide. 

10 

60 

229 

366 

495 

531 

600 


*Values given are averages of three replicates. 


RESULTS 

Cumulative amounts of carbon dioxide evolved during incul)ation by un¬ 
treated, steam-sterilized, and ethylcne-oxide-trcated aliciuots of Wabash silty 
clay shown in table 1. The ethylene oxide treatment in this instance consisted of 
exposure of air-dry soil to 0.5 atmosphere of the vapor for 16 hours. In a score of 
other comparisons, employing Clarion loam, Webster silt loam, or Wabash silty 
clay, severalfold increases in the carbon dioxide output of soils were noted follow¬ 
ing treatment with ethylene oxide. 

Total carbon determinations made on untreated and on certain ethylene-oxide- 
treated soil lots are shown in table 2. Following gaseous treatment but prior to 
carbon analyses, the Webster samples were incubated for 2 weeks, and during 
this incubation lost 0.16 per cent by weight of carbon as carbon dioxide. The 
Wabash samples were air-dried immediately following exposure and were stored 
30 days prior to analysis. 

The magnitude of the differences in total carbon content of untreated and of 
ethylene oxide treated soils suggested that gravimetric differences following 
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treatment could easUy be detected. TripKcate 10-gm. portions of oven-dried 
quartz sand, of Wabash silty clay, and of an acid (pH 4.6) marine clay parent 
material were placed in tared containers, moistened to 10 per cent, and eiqiosed 
to 0.5 atmosphere of ethylene oxide for 24 hours. All materials were then dried at 
90® C. and again werghed. The quartz sand, as well as weighing bottles containing 

TABLE 2 


Total carbon^ available phosphorus^ and pH values determined for certain soil lots treated 

with gaseous ethylene oxide 


■xEYima axn>s tukahizmt 

son. 1COI8T0SZ 
DDSINO 
IBIAIMBMT 

TOXAX CASBON 

SXADIBY 

AVAILABIS ZHOS- 
ZHOdUS 

pH 

atmos, 1 

hours 

per eetU 

percent 

ppm. 


Webster silt loam 

None 

— 

— 

2.92 

20.6 

6.15 

0.6 

16 


3.29 

28.4 

7.22 

0.6 

16 

24.0 

3.80 

30.4 

7.20 

Wabash silty clay 

None 

— 

— 

2.84 

9.3 

6.30 


16 

6.6 

3.01 

12.2 

6.81 


16 

26.0 

3.43 

12.3 

6.76 

0.8 

16 

6.6 

3.66 

12.4 

. 7.40 

0.8 

16 

26.0 

3.88 

12.7 

7.76 

4.0 

48 

10.0 

4.12 

16.4 

8.14 


TABLE 3 


Carbon dioxide production by untreated and by ethylene-ocaide-treoied soil and by their leachates 


SOIL TSBAXIOENT 

COs* ZKS 100 OM. SOIL 

o. ‘NTniiift . 

»tm. 

168.6 

b. As (a), but leached prior to incubation. 

172.0 

0 . 0.6 atmo$- et*byl,ftTiA oxide for 16 hours. 

676.6 

d* As (c), but leached prior to incubation... 

198.1 

e. Untreated soil (100 gm.) plus leachate from 25 gm. untreated soil.. 
f As (a), but leachate boiled...... 

166.4 

166.6 

g. Untreated soil (100 gm.) plus leachate from 26 gm. of ethylene oxide 
treated soil... 

349.9 

h« As (g), but leachate boiled... 

336.0 



* Values given are averages of three replicates, incubated 18 days. 


10 ml. of distilled water, failed to gain weight during their exposure to ethylOTie 
oxide. The Wabiash silty clay ^owed a wei^t gain of 1.65 per cent, and the 
nilarine clay, of 12.27 per cent. 

The material added to soil during the course of ethylene oxide sterilization was 
easily r^oved by leaching. It persisted in soils or in leachates given heat treat- 
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ment. The following experiment is illustrative: Air-dry Wabash silty clay was 
exposed to 0.5 atmosphere of ethylene oxide for 16 hours. TJnexposed as wdl as 
exposed lots were leached with 1.6 times their weight of distilled water. Portions 
of each leachate were boiled until reduced to approximately one third their initial 
volume and th^ restored to volume with distilled water. Quantities of leachate 
corresponding to the amounts obtained from 25-gm. portions of soil were then 
added to 100-gm. lots of untreated soil for incubation. Amounts of carbon dioxide 
evolved from these lots as well as from unleached and leached soil lots are shown 
in table 3. 

When treated soil was leached with distilled water, and the leachate concen¬ 
trated by heating at 80® C. under reduced pressure, the concentrate obtained was 
a syrupy liquid, slightly sweetish to the taste. Upon dry combustion, this crude 
material yielded 115 per cent of its own weight of carbon dioxide. When added to 
soil, the concentrate increased carbon dioxide evolution therefrom by an amount 
roughly equivalent to that obtained by adding an equal weight of technical 
ethylene glycol. 

The observation by Allison that ethylene oxide treatment raises the pH value 
of soil was confirmed. The pH values given in table 2 show the extent to which 
ethylene oxide treatment changed the reaction of certain of the soils employed. 
Differences in pH values due to treatment persisted in soils during prolonged 
laboratory storage. 

The amounts of readily available phosphorus determined for certain soil lots 
prior to and following treatment with ethylene oxide are shown in table 2. The 
Webster soil was incubated moist for 2 weeks at 30° C. before being dried and 
stored for anals^. The Wabash samples were air-dried immediately following 
treatment and stored for 3 months before analysis. 

DISCUSSION 

Phillips and Kaye (5) have pointed out that ethylene oxide does not hydrolyze 
readily to form ethylene ^ycol, and they question whether glycol formation has 
any connection with its sterilizing action. Its hydrolysis is facilitated by the 
presence cff the hydrogen ion or by high salt concentration, and Phillips (4) has 
su^ested that, in the sterilization process, ethylene oxide reacts with groups in 
the protan moleaile, such as the hydroxyl, sulfhydryl, amino, or carboxyl, which 
contain a labile hydr(^en atom. EAye aM Phillips (3) found that gaseous ethyl¬ 
ene oride sterilized relatively dry objects better than relatively moist ones. 

The hi^a total carbon contents noted in the current work for soils given 
ethylene ordde treatment, the persistence of this added carbonaceous material 
following eitha heatup or prolonged laboratory storage, and its ready avail¬ 
ability fa microbial utilization indicate that ethylene oxide reacts in soil to form 
some stable, nongermicidal compound. The gravimetric studies showed that 
natha quartz sand nor disriUed water catalyzed the reaction involved, whereas 
in the presence of sal ethylene oxide was transformed into some nonvolatile 
canpound that is readily utilized by miaoorganisms. Althor^ the substance 
or substances formed in soil during the course of ethylene oxide sterilization were 
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not identified, it is quite probable that in the presence of soil, ethylene oxide is 
hydrolyzed to ethylene glycol. 

Acconipan 3 dng the increase in content of readily available energy material in 
soil during ethylene oxide treatment, there are increases in readily soluble phos¬ 
phorus and in pH values. Therefore, although ethylene oxide may offer certain 
advantages over heat or other treatments for the sterilization of soil, it is never¬ 
theless not an ideal sterilizing agent, as it fails to provide a sterile soil which 
differs from the initial soil only in the absence of viable organisms. 

SUMMARY 

sterilization of soils by means of gaseous ethylene oxide greatly increased their 
total carbon content. The added carbonaceous material was readily available for 
microbial utilization; fivefold increases in carbon dioxide production were noted 
for the first few days of incubation of soil following exposure to ethylene oxide 
vapor. Ethylene oxide treatment was also observed to raise the pH and the 
readily available phosphorus values in soil. 

The energy-yielding material found in soils following their exposure to ethyl¬ 
ene oxide was easily leached by water, and it was nett destroyed by boiling at 
100® C. It was not found in distilled water or in quartz sand exposed to ethylene 
oxide vapor. It is suggested that soil functions as a catalyst for the hydrolysis of 
ethylene oxide. 
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In an attempt to estimate the relative erodibility of soils by wind, a need arose 
for a method of determining the apparent density of the various fractions that 
are moved by the’ wind. A perusal of the available literature failed to indicate 
any method that could be used for this purpose. Several methods have been rec¬ 
ommended for measuring the bulk density, or volume weight, of the undisturbed 
soil bed (2, 3, 4, 7). Likewise, detailed information is available on how best to 
deteimine the apparent density of discrete soil clods or large aggregates (5, 6). 
None of the methods examined, however, are applicable for determining the ap¬ 
parent density of small particles such as those eroded by wdnd or by water. The 
size of fraction eroded by \vind is usually appreciably smaller than 2 mm. in 
diameter. The erodibility of these fractions is markedly affected by their apparent 
density. Four methods were, therefore, studied for estimating the apparent den¬ 
sity of small soil particles or aggregates. A description of these methods together 
with a discussion of the relative merits of each is included herein. 

SAMPLING BOILS FOR ANALYSIS OF APPARENT DENSITY 

To disturb the structure as little as possible, the soils to be tested in the labora¬ 
tory were taken from the field only when in a reasonably dry condition. A square- 
cornered spade was pushed under a soil layer of desired thickness. The soil was 
placed in a shallow tray and brought to the laboratory for thorough air-drying. 
After drying, the soils were separated into various size-fractions by dry-sie\ing 
on a set of rotary sieves. 


PROCEDURE AND APPARATUS 

The bulk density method 

To measure the apparent density of grains or discrete aggiugates in each soil 
fraction, a test/ tube of about 60-ml. capacity and an automatic tapping device 
were used (fig. 1). The test tube was approximately 6 inches high. One end of a 
paper sleeve 2 inches long and with inside diameter equal to the outside diameter 
of the test tube was fitted around the upper end of the test tube. Soil grains of a 
given diameter were poured in until the level of the bed was 0.5 to 1 inch above 
the top of the test tube. The test tube was then tapped on the tapping device 
imtil the weight of its contents, excluding the contents of the sleeve, was con¬ 
stant. The time required to reach the constant weight varied with the size of the 

1 Contribution No. 420, department of agronomy, Kansas Agricultural Experiment 
Station, Manhattan, Kansas, and the Soil Conservation Service, U. S. Department of 
Agriculture. Cooperative investigations in the mechanics of wind erosion, 
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Fig. 1 .* Automatic Tapping Device for Measuking Bulk Density Fig. 2. Apparatus for Measuring Equivalent Apparent Density 
OF Soil Grains and Aggregates of Soil Aggregates by the Elutriation Method 
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aggregates, but in no case did it eteeed 30 seconds. The contents of the full test 
tube were then weighed. To do this, it was necessary to pull the deeve out and 
discard the surplus grams by sliding a straightedge level across the top of the 
test tube. 

The tapping device is composed of a l/lOO-horsepower electric motor con¬ 
nected to a spirally surfaced cam supporting a vertical rod on which a test tube 
and its contents rest vertically. The test tube rides inside a tran^arent vertical 
tube fixed to the frame of the device. For each turn of the cam the rod and the 
test tube are raised gradually, then allowed to drop of their own we^t for a 
distance of | inch. A flat piece of wood is mounted on top of the rod to absorb 
the shock exerted by the fallen test tube. The test tube receives 400 taps per 
minute. 

Tapping by hand mstead of on the automatic tapping device was carried out 
for comparison. The test tube and the upright sleeve were filled with the material 
to be tested. The bottom of the test tube, held vertically, was then tapped gently 
against a wooden table until no change in the levd of the soil grains was observed. 
The contents of the full test tube were then weired. 

The bulk density of each size fraction separated by sieving was determined by 
dividing the thoroughly air-diy weight of the contents of the test tube by the 
volume of the test tube. The apparent density of the soil grains was estimated by 
dividing the bulk density by 1.53 and multiplying the quotient by 2.65. The con¬ 
stant 1.53 represents the bulk density of the oven-dry quartz sand of any sieve 
grade, and 2.65 represents the real and, presumably, the apparent denmiy of the 
quartz grains. Both of these constants, as shown in a sub^uent section of this 
report, were foimd to vary but little in the different samples of quartz sand that 
were analyzed. 

The apparent density of all discrete grains or a^regates contained in the soil 
was determined by summing the products of the apparent denmty of each aeve 
grade and the percentage weight of the grade, and then dividing the sum by lOO. 

The elutriation method 

The second method measures the equivalent apparent density of soil a^e- 
gates and is dependent on the vertical air stream required to bardiy lift the ag¬ 
gregates. The force required to lift the aggregates di^ily exceeds the downward 
pull of gravity and for practical purposes may be considered equal to it. The 
force of gravity depends on the mass of the abrogate, whereas the force of the 
air stream required to lift the aggregate varies as the square of its velocity and is 
dependent on the size, shape, and apparent density of the aggr^te. The mini¬ 
mal vertical vdocity of the wind required to lift the abrogate, known as the 
vertical threshold vdocity, can therefore be used to specify the equivalent dze, 
shape, and apparent density of the aggregates. The dze is known from deving. 
It is only necessary, Uierefore, to determine the apparent dendty and shape. It is 
virtually imposdble to describe a shape such as that of a natural soil aggr^te 
or to determine with this method its effect indep^dently of apparent dendty. 
Hence, the equivalent apparent density was computed. The equivalent apparent 
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density may be defined as the apparent density of an imaginary soil aggregate 
which has the same diameter as the actual soil aggregate but which has a shape 
similar to standard dune sand grains. (Quartz sand and pebbles of uniform shape 
and density for grains ranging up to 6.4 mm. in diameter were used as a standard 
in measuring the eqmvalent apparent density of the soil aggregates. 

Since the force required to lift the soil aggregate varies as the square of the 
vertical wind velocity, it follows that the equivalent apparent density of the ag- 

/7i\2 

gregate lifted by wind is equal to ( ^ ) X 2.65, where Vi is the average vertical 


velocity of the air stream required to lift the soil aggregate and 72 is the average 
vertical velocity of the air stream required to lift the quartz sand grain of 2.65 
density and of the same size (sieve grade) as the soil aggregate. Slight differences 
between the daape of the soil aggregates and the sand grains were observed, and 
the effects of these differences, if any, presumably were reflected in the equivalent 
apparent density of the soil aggregates. 

The apparatus used in this method consisted of a 3-inch diameter vertical duct 
connected to a blower run by an electric motor (fig. 2). Near the upper end of the 
duct various thicknesses of cloth filter, depending on the velocity of the wind re¬ 
quired, were used. A few inches above the cloth filters a 300-mesh sieve was in¬ 
serted, and on this sieve rested the grains of aggregates for which the lifting veloc¬ 
ity was to be determined. Further control of the wind was obtained by varying 
the cross-sectional area of an air inlet opening. The pressure exerted against the 
cloth filters when the blower was on ranged from 1 to 10 inches of water. The 
pressure exerted against the sieve was equivalent to 0.2 to 4.5 inches of water. A 
sufficient pressure head was exerted against the sieve to produce a uniform veloc¬ 
ity throughout the whole cross-sectional area in the duct immediately above the 
sieve where the soil grains were. 


The horizontal threshold velocity method 

The third method is based on the horizontal air stream required to initiate the 
movement of soil aggregates placed in a level bed of uniform thickness. A hori¬ 
zontal duct 4 feet long and 4 inches square was connected to a blower as in method 
2. Cloth filters of varying degrees of porosity were used on the windward end of 
the duct to facilitate the control of stream velocity and especially to produce a 
uxuform velocity throughout the whole cross-sectional area of the duct immedi¬ 
ately to the lee of the filter. Further control of the air velocity was facilitated by 
adjusting the air intake opening to the blower. Air velocity was measured at a 2- 
inch height near the leeward end of the duct. 

A vdocity required to initiate the movement of the grains, known as the hori¬ 
zontal threshold velocity, was detennined for beds of sand grains and of soil ag¬ 
gregates. For exposure to the wind, the soil or sand sample was placed in a shal¬ 
low, rectangular trough and the sample was smoothed with a straightedge levd 
with the top of the trou^. The equivalent apparent denaty of the soil aggregates, 
Pi, was computed from the average threshold vdocities in accordance with the 
/viV 

expression pi » I “ j X 2.65, where vi is the average threshold velocity of the 
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soil aggregates and V 2 is the average threshold velocity of the quartz grains of 
2.65 density. The average threshold velocity was determined by averaging the 
velocity required to move only the most erodible grains with the minimal velocity 
required to produce a continuous movement of all grains contained inthe sample. 
The former velocity is known as the minimal threshold velocity, the latter as the 
maximal threshold velocity. The difference between the minimal and the maxi¬ 
mal threshold velocities for the small grains was virtually nil. The difference in¬ 
creased directly with the size of the grain, however, reaching a maximu m of 
5 miles per hour for quartz grains approaching 2 mm. in diameter. 

TABLE 1 

Beal density of quartz sand and gravel as determined hy the standard 'pycnometer method 


DIAUCTBS OT QKAINS 

SEAL DSN'SIt? 

Ottawa sand | 

Series B 

1 

2 

1 

2 

mm. 





<0.1 



2.65 

2.66 

0.1-0.15 

2.64 

2.66 

2.64 

2.65 

0.15-0.25 

2.65 

2.66 

2.63 

2.64 

0.26-0.42 

2.65 

2.65 

2.63 

2.62 

0.49-0.69 

2.66 

2.66 

2.62 

2.64 

0.69-0.84 

2.66 

2.65 

2.62 

2.62 

0.84r-1.19 



2.62 

2.61 

1.19-2.0 1 



2.61 

2.61 

2.0-6.4 



2.61 

2.60 

Averafse . 

2.66 

2.66 

2.63 

2.63 


The individual grain weight method 

At least 1,000 quartz sand grains and an equal number of soil grains or aggre¬ 
gates from each sieve grade were counted and weighed. The apparent density of 
the soil aggregates was then computed. The apparent density is equal to 2.65 

— where W\ is the weight of a number of soil grains and W^ is the weight of an 
W2 

equal number of the same-sized quartz sand grains of 2.65 apparent density. 

ANALYTICAL RESXTMS 

The erodibility of soil particles or aggregates is dependent on their mass. The 
mass of the aggregates is in turn dependent on their size, shape, and apparent 
density. The apparent density is dependent on the volume of the pores within 
the aggregates and on the real density of the soil material of which the aggregates 
are composed. Both the real density and the volume of the pores within the soil 
aggregates vary appreciably in different soils. The real density of quartz grams, 
on the other hand, varies little and is generally accepted as 2.66. 

The real density of the quartz grains (table 1) was found to be about the same 
for all grain sizes, at least up to 6.4 mm. in diameter, and varied little from the 
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generally accepted value of 2.65. The apparent density for the larger grains as 
determined by the method of Russell and Belcerek (5) likewise varied little from 
the average value of 2.65. The value of apparent density in six replicated deter¬ 
minations ranged from 2.57 to 2.68, giving an average value of 2.63, which was 
identical with the average value of the real density of these grains. The volume of 
the pores, at least within larger grains of quartz sand and gravel, was evidently 
nil, or almost nil. 

The bulk density of quartz sand was likewise found to be almost the same for 
any size of grain and was about the same in the different samples analyzed 
(table 2). This serves as further proof of the relative absence of pores within 
quartz grains. The bulk density of quartz sand of any sieve grade was about 1.53. 
The constancy of the bulk density of quartz sand seems to indicate that the shape 

TABLES 


Bulk density of quartz sand and gravel of various sieve grades 


DIAUSHEK OF GBAIKS 

BULK DENSITY* 

Ottawa sand 

Series A 

Series B 

Series C 

Avbr- 

AOX 

1 

2 

1 

2 

1 

2 

1 

2 

mm. 










<0.1 




1.49 

1.48 

1.49 

1.49 

1.50 

1.49 

0.1 -0.16 

1.65 

1.58 

1.51 

1.51 

1.42 

1.42 

1.42 

1.43 

1.48 

0.16-0.25 



1.57 

1.49 

1.45 

1.44 

1.46 

1.45 

1.48 

0.25-0.42 

1.65 

1.54 


1.58 


1.51 

1.64 

1.42 

1.63 

0.42-0.59 

1.57 

1.58 

1.64 

1.62 

1.50 

1.63 

1.66 

1.66 

1.67 

0.50-0.84 

1.66 

1.67 

1.68 

1.60 

1.51 

1.51 

1.58 

1.58 

1.59 

0.84-1.19 



1.54 

iSI 




1.66 

1.54 

1.19-2.0 



1.52 

nm 


1.57 


1.69 

1.66 

2.0 -6.4 




■ 


1.60 

lli 

1.46 

1.48 

Average. 

1.67 

1.57 

1.56 

1.55 

1.50 

1.50 

1.61 

1.52 

1.53 


* Series A is based on a sample of sand from near Groat Bend, B from near Kolia, and 
C from St. George, Kansas. Ottawa sand is based on two samples obtainable commercially, 
the A.S.TAI. standard graded sand and the A.S.TAl. SO- to 30-mesh standard sand. 

of the grains and the volume of the interstices between the grains are constant 
for any uniform dze of grains of which a bed is composed. 

Because of these virtually constant physical characteristics, quartz sand and 
pebbles were taken as a convenient standard in determining indirectly the ap¬ 
parent density of discrete soil grains or aggregates. In method 1 this was done by 
dividing the bulk density of a bed of soil aggregates by 1.53 and multiplying the 
quotient by 2.65. The constant 1.53 is the bulk density of quartz grains of any 
sieve grade, and 2.65 is the real and apparent density of the grains. In method 1 
it was assumed that the volume of the interstices between the soil aggregates and 
between quartz grains of the same size was the same. The constancy in the bulk 
density of quartz sand and pebbles left no doubt that the volume of the inter¬ 
stices between quartz grains remained the same irrespective of the size of the 
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grains of which the bed was composed. Whether the volume of the interstices be¬ 
tween the soil aggregates remained constant, as with quartz grains, could not be 
determined directly. 

In methods 2 and 3 the equivalent apparent density of the soil aggregates was 
determined from the relative vertical and horizontal threshold air velocities re¬ 
quired to move quartz grains and to move soil aggregates. The shape of the ag¬ 
gregates on some soils differed somewhat from the shape of the quartz grains— 
the latter being less angular than the former. The variation in shape probably had 

TABLE 3 

Comparison of hulk density determined with the automatic tapping device and by the 

hand method 


BUUC DENSITY 


DLOOeiEE 07 OEAZNS 

Tapped on tapping device 

Tapped by hand 

15 sec. 

30 sec. 

60 sec. 

10 taps 

20 taps 

50 taps 

mm. 








Quartz sand and pebbles 


<0.1 

1.53 

1.62 

1.64 

1.49 

1.52 

1.62 

0.1 -0.16 

1.42 

1.42 

1.43 

1.43 

1.46 

1.46 

0.15-0.25 

1.43 

1.44 

1.44 

1.46 

1.47 

1.47 

0.26-0.42 

1.47 

1.47 

1.47 

1,49 

1.51 

1.52 

0.42-0.69 

1.49 


1.49 

1.54 

1.54 

1.56 

0.59-0.84 


1.61 

1.48 

1.61 

1.61 

1.62 

0.84-1.19 

1.52 

1.51 

1.61 

1.51 

1.65 

1.56 

1.19-2.0 

1.66 

1.54 

1.64 

1.63 

1.55 

1.58 

Silt loam 

<0.1 

1.27 

1.32 

1.32 

1.26 

1.31 

1.32 

0.1 -0.15 

1.25 

1.26 

1.25 

1.24 

1.25 

1.26 

0.15-0.25 

1.04 

1.05 

1.05 

1.06 

1.07 

1.07 

0.26-0.42 

1.01 


1.02 

0.99 

0.99 

0.99 

0.42-0.69 

0.97 

0.97 1 

0.97 

0.95 

0.96 

0.96 

0.59-0.84 

0.96 

0.97 1 

0.98 

0.97 

0.98 

0.98 

0.84-1.19 

0.94 

0.95 1 

0.95 

0.91 

0.93 

0.94 

1.19-2.0 

0.89 

0.90 

0.90 

0.94 

0.94 

0,95 


some effect on the velocity of the air required to move the aggregates. This varia¬ 
tion would, therefore, be reflected in the value of the equivalent apparent density 
of the aggregates. 

COMPARATIVE MERITS OP EACH METHOD 

The automatic tapping device and tapping by hand in method 1 gave virtually 
the same values of bulk density of grain beds (table 3). About 30 seconds on the 
tapping device or 20 taps by hand against a wooden table were required to bring 
to a constant weight a given volume of the bed of any size of grain. No preceptible 
breakdown of soil aggregates was observed durii^ the tapping process. 
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The apparent density of aggr^tes of three widely different soil classes is in¬ 
dicated in table 4 for method 1. The equivalent apparent density is shown in 

TABLE 4 

Apparefii density of soil aggregates determined from hulk density^ 



QXTAAIZ SAin> AND 
SSBBISS 

7INX SANDir XOAli 

SILT LOAIC 

CLATf 

i/MJUSXM QJf AQCmSGA.1V 

Bulk 

density 

Apparent 
dens^ oi 
gram 

Bulk 

density 

Apparent 
denuty of 
grain 

Bulk 

density 

Apparent 
den&w of 
gram 

Bulk 

density 

Apparent 
density of 
gram 

mm. 

<0.1 








2.04 

0.1 -0.15 

1.45 

2.51 

1.24 

2.15 

1.21 

2.10 

1.04 

1.80 

0.1«).26 

1.49 

2.58 

1.22 

2.11 

1.05 

1.82 

1.01 

1.75 

0.25-0,42 

1.54 

2.67 

1.25 

2.17 

1.01 

1.75 

1.04 

1.80 

0.42-0.59 

1.57 

2.72 

1.12 

1.94 

.99 

1.72 

1.01 

1.76 

0.59-0.84 

1.56 

2.70 

1.05 

1.82 

.93 

1.61 

1.00 

1.73 

0.84-1.19 

1.54 

2.67 

1.01 

1.75 

.97 

1.68 

.98 

1.70 

1.19-2.0 

1.56 

2.70 

.91 

1.58 

.91 

1.58 

.97 

1.68 

2.0 -6.4 

1.48 

2.56 

.86 

1.49 

.82 

1 

1.42 

.86 

1.49 


* Apparent density of grain or aggregate is equal to X 2.65, where a is the bulk 

1.53 

density of a bed of aggregates. 


TABLE 5 

Equivalent apparent density of soil aggregates determined by the elutriation method* 


DIA3CETXS OF AGCSEOATBS 

Vi 

FINE SANDY LOAM 

SILT LOAM 

CLAY 

Vx 

\ 

Equivalent I 
apparent 
density 

Vx 


Vx 

Equivalent 

apparent 

density 

mm. 

m.p,h. 

m.p.h. 


m.pJt. 

■B 

m.pJL 


<0.1 

0.64 

0.48 

1.51 

0.36 


0.47 

1.43 

0.1-0.15 

1,75 

1.48 

1.87 

1.41 


1 1.39 

1.67 

0.16^.25 

3.35 

2.78 

1.83 

2.74 

1.77 

I 2.54 

1.52 

0.25-0.42 

5.75 

4.99 

1.99 

4.44 

1.57 

5.21 

2.18 

0.42-0.69 

8.40 

7,69 

2.22 

6.82 

1.76 

7.38 

2.05 

0.69-0.84 

10.95 

9.76 

2.10 

8.60 

1.64 

1 9.20 

1.87 

0.84-1.29 

14.10 

12.84 

2.20 

12.14 

1.96 

11.22 

1.67 

1.19-2.0 

18.60 

14.95 

1.73 

13.70 

1.46 

13.98 

1.52 

2.0-6.4 

27.76 

22.77 

1.79 


1.55 

21.06 

1.53 


* Equivalent apparent density is equal to X 2.65, where Vi is the vertical air vel¬ 

ocity required to lift the soil aggregates and y* is the vertical air velocity required to lift 
quartz sand grains of the same size as the soil aggregates. 

table 5 for method 2, and in table 6 for method 3. Table 7 gives a summary of the 
results of methods 1, 2, and 3. 

Method 4 was found quite unsatisfactory. Consequently, data obtained with 
this method are not presented. The counting of fine grains necessary for this 



APPAKBNT DENSITY OP SOIL PARTICLES 


359 


method was tedius. The method was inaccurate unless at least 1,000 of the finer 
grains were used for determination. It was impossible to count large nximbers of 
particles smaller than 0.26 mm. in diameter, hence the method was applicable 

TABLE 6 


Equivalent apparent density of soil aggregates determined by the threshold wind 

velocity method* 


DlAllETEft 07 AOGKSGATXS 

Vt 

71N1 SAKDY LOAU 

1 

^ SILT L0A3C 

CLAY 

Vi 

Equivalent 

apparent 

density 

Vi 

Equivalent 

apparent 

density 

Vx 

Equivalent 

apparent 

density 

mm. 


m,p.k. 


m.p.h. 


fn,pX 


<0.1 

7.6 

7.5 

2.62 

8.2 

3.12 

7.7 

2.76 

.1-.16 

7.6 

7.4 

2.68 

7.1 

2.38 

7.1 

2.38 

.15-.25 

9.2 

8.0 

2.01 

7.8 

1.91 

7.6 

1.81 

.26-.42 

11.0 

9.3 

1.89 

8.8 

1.70 

9.2 

1.86 

.42-.59 

13.0 

10.7 

1.81 

10.6 

1.74 

11.1 

1.95 

.69-.84 

16.3 

13.3 

1.76 

13.5 

1.82 

13.4 

1.79 

.84-1.19 

21.9 

17.9 

1.77 

17.3 

1.65 

17.7 

1.73 

1.19-2.0 

39. L 

29.3 

1.48 

28.7 

1.43 

30.3 

1.69 


* Equivalent apparent density is equal to X 2.66, where vi is the threshold veloc¬ 
ity required to erode the soil aggregates and vz is the threshold velocity required to erode 
quartz sand grains of the same size as the soil aggregates. 

TABLE 7 


Comparison of apparent density and equivalent apparent density of sand and soil aggregates 

determined by methods 1,18, and S 


DXAICETBa 07 
GBAII78 

QUAUTZ SAND AKD OKAVICL 

TINE SANDY LOAM 

SILT LOAM 

CLAY 

Method 

Method 

Method 

Method 


1 

2* 

3* 

1 

2 

3 

1 

2 

3 

1 

2 

3 

mm. 













<0.1 

2.58 

2.66 

2.66 

2.30 

1.61 

2.62 

2.29 

0.98 

3.12 

2.04 

1.43 

2.76 


2.61 

2.66 

2.66 

2.16 

1.87 

2.58 

2.10 

1.72 

2.38 

1.80 

1.67 

2.38 

0.16-0.26 

2.68 

2.65 

2.66 

2.11 

1.83 


1.82 

1.77 

1.91 

1.76 

1.52 

1.81 

0.2W).42 

2.67 

2.66 

2.65 

2.17 

1.99 

1.89 

1.76 

1.67 


1.80 

2.18 

1.86 

0.42-0.59 

2.72 


2.66 

1.94 

2.22 

1.81 

1.72 

1.75 

1.74 

1.76 

2.05 

1.96 

0.69-0.84 


2.66 

2.66 

1.82 

2.10 

1.76 

1.61 

1.64 

1.82 

1.73 

1.87 

1.79 


2.67 

2.65 

2.66 

1.75 

2.20 

1.77 

1.68 

1.96 

1.65 

1.70 

1.67 

1.73 

1.19-2.0 


2.66 

2,65 

1.68 

1.73 

1.48 

1.58 

1.46 

1.43 

1.68 

1.62 

1.59 


2.66 

2.65 

2.65 

1.49 

1.79 

t 

1.42 

1.56 

t 

1.49 

1.53 

t 


* In methods 2 and 3 the density of quartz sand and gravel is assumed to be 2.65. 
t Velocity required to erode this size of aggregate was unavailable. 


only to discrete soil units greater than this diameter. The readiness with which 
fine grains become charged with static electricity made counting and handling 
virtually impossible. 
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The values for the apparent density obtained by method 1 and for the equiva¬ 
lent apparent density obtained by methods 2 and 3 differed, on the whole, very 
little for various aggregate sizes above 0.1 mm. in diameter (table 7). Two pos¬ 
sible conclusions may be drawn as to why the agreement was good: first, that the 
differences, if any, between the shape of the aggregates and the shape of the 
standard quartz grains had no appreciable effect on the velocities of the air stream 
required to erode the aggregates; and second, that the effects of the differences in 
the shape of the aggregates were of the same magnitude and ran in the same direc¬ 
tion for all sizes of aggregates and all soils used. The latter condition, as a case of 
coincidence, appears to be rather unlikely. 

For particles smaller than 0.1 mm. in diameter, widely different results were 
obtained with each method and with each soil. This was to be expected in view of 
the differences in the physical composition of this fraction in each of the soils and 


TABLE 8 

&ize distribution and apparent density of the dry fractions contained in the sieve grade <0,1 

mm. in diameter in different soils 


PABTICUC DIA1CBIS&* 

QUAKTZ SAKD 

PZKS SAKDYLOAU 

SXLTIOAIC 

CLAY 

Size dis¬ 
tribution 

Apparent 
density of 
gram 
(assumed) 

Size dis¬ 
tribution 

1 Apparent 
! densi^ o! 
gram 

Size dis¬ 
tribution 

Apparent 
density of 
grain 

Size dis¬ 
tribution 

Apparent 
d^sity of 
gram 

mm. 

% 


% 


% 


% 


0.1-0.074 

72.6 

2.65 

9.9 

2.10 

9.6 

2.04 

14.1 

1.78 

0.074-0.044 

21.6 

2.65 

32,9 

2.27 

28.2 

2.21 

32.5 

2.02 

0.044-0.02 

4.2 

2.65 

38,6 

2.41 

42.7 

2.51 

39.6 

2.34 

0.02-0.01 

1.2 

2.65 

14,7 

t 

13.9 

t 

9.8 

t 

0.01-0.005 


2.65 

2.9 

t 

3.8 

t 

2.8 

t 

<0,005 


2.65 


t 

1.8 

t 

1.2 

t 


♦ Particle diameter >0.044 mm. was determined by sieving, and that <0.044 mm. by 
rate of sedimentation in carbon tetrachloride. The particles <0.044 mm., therefore, repre¬ 
sent the equivalent, rather than the actual diameter, 
t Not enough to measure. 

in the nature of the measurement associated with each method of analysis. 
Method 1 perhaps comes closest to measuring the actual apparent density of 
these fine fractions. Methods 2 and 3 measure the vertical and the horizontal 
threshold air velocities, which are affected by shape, apparent density, and size 
distribution of the particles contained in this fraction. The so-called equivalent 
apparent density, which incorporates the effect of all three of these factors, is 
computed from the thrediold velocities. The fraction smaller than 0.1 nun, did 
not represent the same size distribution of grains in each soil as did the other cor¬ 
responding sieve grades. Silt loam contained the greatest amount of fine dust in 
this fraction (table 8), and sandy loam the least. The finest fractions would be 
most readily lifted by a vertical wind in method 2. This consequently would 
lower the value of the equivalent apparent density of this fraction. The finest 
fractions, on the contrary, as shown by previous experiments (1), would be most 
resistant to wind erosion as measured by method 3. This would tend to give a 
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high value for the equivalent apparent density of this fraction. The results ac¬ 
tually did run in this fashion. Thus, the silt loam fraction containing the greatest 
amount of fine dust showed the lowest equivalent apparent density by method 2 
and the highest by method 3. On the other hand, the sandy loam fraction which 
contained the least amount of fine dust showed the highest corresponding value 
by method 3. All of the values obtained by methods 2 and 3 for fraction smaller 
than 0.1 mm. were either higher or lower than the corresponding apparent densi¬ 
ties determined by method 1. Method 1 was the only method which appeared to 
be reasonably applicable to the whole range of size of fractions. Methods 2 and 3 
were only applicable to sieve grades greater than 0.1 mm. in diameter. It is be¬ 
lieved that all three methods would have given virtually the same values of 
equivalent apparent density had the size distribution in the finest sieve grade 
been the same in all cases compared. 

Apart from the results with the smallest fractions, methods 1 and 3 agreed 
more closely than 1 and 2, or 2 and 3. Method 2 was apparently less accurate than 
the others, as judged by somewhat erratic values that were obtained. These ap¬ 
parent inaccuracies appear to be inherent in the method itself. A relatively large 
range of air velocity required to lift the lightest and the heaviest grains of any 
given fraction is mainly responsible for the inconsistency of the method. With 
method 3 no such wide range of velocity is encoimtered. For small grains of about 
0.1 mm. in diameter in method 3 there is, in fact, but a single value of velocity 
that corresponds to the minimal and the maximal threshold for these grains. For 
the largest and the heaviest grains, the difference between the minimal and the 
maximal threshold did not exceed 6 miles per hour on a 40-mile-per-hour wind. 
The threshold velocities vary more or less directly with the average size, density, 
and shape of all of the component particles. On the other hand, in method 2, the 
velocity required to lift a given particle is fixed, irrespective of the size, diape, or 
amount of other particles contained in the mixture. 

In method 1 it was assumed that the volume of the interstices between the soil 
aggregates or grains and between the standard quartz grains of the same sieve 
grade is the same. The values of apparent density obtained by methods 2 and 3 
are not dependent on the variations in the volume of the interstices between the 
individual units. Yet the apparent density obtained by all three methods for 
aggregate sizes greater than 0.1 mm. came out virtually the same. These results 
prove that the assumption, at least within the range of soils studied, is true. 

Each of the three methods indicated that the apparent density and the equiva¬ 
lent apparent density decreased with an increase in the size of the aggregates. 
This seems to indicate that the larger aggregates were more porous than the 
smaller ones. All throe methods also indicate that fine sandy loam had the highest 
apparent density of all its aggregates above 0.1 mm., clay the intermediate, and 
silt loam the lowest. 


CONCLUSIONS 

Of the three methods of estimating the apparent density of soil grains or aggre¬ 
gates smaller than 6 mm. in diameter, method 1 appears to be the most desirable 
for the following reasons; 
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1. Measurements can be made quickly and simply. 

2. The values obtained by this method are very consistent and apparently accurate. 

3. The method is not subject to personal judgment or personal differences in handling 
if the automatic tapping device is used. 

4. It is the only method examined that appears to be applicable for measuring the ap¬ 
parent density of the sieve grade smaller than 0.1 mm. in diameter. 

In connection with erodibility studies, method 3 might be preferable to the 
other methods because it estimates the equivalent apparent density from direct 
measurement of actual erodibility. Method 2, on the other hand, is not based on 
measurement of actual erodibility. To estimate the equivalent apparent density 
reasonably accuratdy by method 2 or 3, the size of grains in quartz sand and in 
the soil samples that are being compared must be the same. In the sieve grade 
smaller than 0.1 mm. the size distribution was not the same in the samples ex¬ 
amined, and, consequently, the estimated value of the equivalent apparent den¬ 
sity was at wide variance with the actual value. 

SUMMABT 

Three methods of estimating the apparent density of erodible soil fractions 
were devdoped and compared; 1—^the bulk density method; 2—^the elutriation 
method; 3—^the horizontal threshold velocity method. 

Method 1 is the simplest and appears to be the only one of the three applicable 
to measuring the actual apparent density of any size of fraction separated by 
sieving. 

Methods 2 and 3 measure the equivalent apparent density of discrete soil units. 
For sieve grades above 0.1 mm. in diameter all three methods gave virtually the 
same values. It was thus indicated that the noticeable variation in the shape of 
the discrete soil unite had little, if any, effect on the threshold air vdocities and 
on the value of the equivalent apparent density obtained therefrom. Method 2 
was least consistent. 

For the sieve grade below 0.1 mm. in diameter the three methods gave widely 
variable results. This was to be expected because the size (distribution of the par¬ 
ticles in this grade was not the same in all of the soils compared. 

Method 4, based on weighing a definite number of quartz sand and soil grains, 
was tried and found impractical. 
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The hydrometer method has been used extensivdy for many years, but its 
accuracy has often been questioned. |The principal criticism has been that when 
a hydrometer is placed in a settlii^ suspension a known interval of time after 
mixing, the density indicated on the stem cannot be associated with any particu¬ 
lar level in the suspension and therefore cannot be related to a definite settling 
velocity. This indefiniteness prevents accurate determination of the sizes of the 
particles re^onsible for the, observed density. On the other hand, it may be ar- 
gued‘ that in any given measurement there will be a certain depth, which may be 
called the effective dep&i, where the density will be exactly equal to that indicated 
by the hydrometer. If a reliable method could be devised for determining the 
effective depth, Stokes’ equation could be applied accurately, and the difficulty of 
determining particle size would be overcome. Becaus e the determination of e fFec- 
tive depth is an essential step in particle size anflly siR by the hydrometer method, 
an eS'ort has been made to put this operation on a firm theoretical foundation. 

THE DENSITT-DEPTH FUNCTION IN A SETTLING SUSPBINSION 

The following experiment was conducted® to obtain preliminary information 
on the variation of density jmth depth in suspensions of soil settling under the 
influence of gravity. A suspension of Dublin clay was prepared by shaking 50 
gm. of the soil overnight, in a reciprocating shaker, with 150 ml. of water and 5 
ml. of dispersing solution, consisting of 35.7 gm. of sodium metaphosphate and 
7.9 gm. of sodium carbonate per liter. The suspension was transferred to a gradu¬ 
ate, diluted with water to 1 liter, and thoroughly mixed. After a 2-hour settling 
period at a temperature of 28°C., aliquots containing 25 ml. each were taken at 
selected depths by the pipette method. The samples were dried and weighed, the 
wei^t of dispersing agent was deducted, and the concentration of suspended 
solids was calculated in grams per liter of suspension. In this way, a number of 
suspendons of the same soil were prepared and sampled. More than one aliquot 
was usually taken from each suspension, but samples were spaced widdy to pre¬ 
vent overlapping, and deeper ones were taken first to avoid errors in the measure- 
mmt of depth. The data are diown m table 1. 

Using the function 


c «= /b logio h + b, (f) 

* Thoreen, R. C. Comments on the hydrometer method of |iiie(dianical analysis. Pub. 
Roadt 14: 93-105.1933. ''' 

' The assistance of C. Erishnamoorthy in this experiment is gratefully acknowledged. 
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the empirical constants fc = 5.68 and h = 17.80 gm. per liter were calculated 
from the data by the method of least squares. The curve plotted in figure 1 is a 
reproduction of the calculated curve. The experimental points indicate good 
agreement between the empirical function and the data from which it was de¬ 
rived. 


TABLE 1 


Concentration of suspended solids at various depths in a settling suspeneion 


h 

c 

h 

c 

h 

e 

h 

c 

k 

c 

cm» 

gM./h 

cm. 


cm. 


cm. 

im./l. 

cm. 

gm.il. 

1 

17,3 

6 

22.4 

11 

23.8 

16 

24.6 

21 

25.2 

2 

19.5 

7 

22.6 

12 

24.0 

17 

24.7 

22 

25.3 

3 

21.0 

8 

23.0 

13 

24.1 

18 

24.9 

23 

25.5 

4 

21.5 

9 

23.2 

14 

24.3 

19 

24.9 

24 

25.6 

5 

22.0 

10 

23.5 

15 

24.5 

20 

25.1 

25 

25.6 


CONC£NTmTmOFSUSPm)S)SOLDS, 6M./tfTeR 



Fig. 1. CoNCUNTRATioN OF Suspended Souds at Vabioub Depths in a Settung 

Suspension 

Curve drawn as a logarithmic function of depth, htted by least squares 

A functional relationship between density and depth® for this particular sus¬ 
pension having been foimd, it was considered possible that equation (i) might 
represent a general characteristic of soil suspensions undergoing sedimentation, 

* Because of the linear relationship between density and concentration of suspension 
(Keen, ‘*The physical properties of the soil”, pp. 64--65), it was considered that for the 
puxposes of this article it would be unnecessary to transform concentration values to den¬ 
sity. Moreover, it may be shown, from the same principle, that a logarithmic concentration- 
depth function determines a logarithmic density-depth function; for this reason the density 
and concentration of suspension will be referred to interchangeably in the ensuing pages. 
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This idea was supported by the data previously published by Puri^ and by 
Codoni®, both of whom found density-depth curves similaT to the one given in 
figure 1. It was tentatively assumed, therefore, that equation (1) would be gen¬ 
erally applicable, and this hypothesis was used as the starting point in the de¬ 
velopment of a new hydrometer theory. 


EFFECTIVE DEPTH OF A CYLINDRICAL HYDROMETER—SIMPLE CASE 

It will now be proved that the effective depth of a cylindrical hydrometer may 
be accurately determined if the suspension in which it rests is of a type char¬ 
acterized by equation (i). It is convenient to deal first with cases in which the 
vessel is so large that the surface of the suspension will not be raised appreciably 
when the hydrometer is inserted. Because of the uniform cross-section of the 
hydrometer, the density which it registers will represent the average density of 
the suspension within the zone containing the bulb. The plane of average density 
must now be located, for it is this plane which determines the effective depth. On 



} 



(b) 

CONDfTlONS 

AFTER 

INSERTION 



(c) 

HYPOTHEVCAL 

CONDITIONS 


Fxo. 2. CiiANGDS IN Level or the Suspension and Changes in Density Gradient Caused 

BY Insertion or Hydrometer 


account of the curvilinear relationship between density and depth, the average 
density will not occur midway along the bulb, as assumed by Casagrande®, but 
at a point that will depend upon the shape of the curve. In the following deriva¬ 
tion it is convenient to use the concentration instead of the density for deter¬ 
mining the effective depth. This procedure is justified by the fact that the plane 
of average concentration will coincide with the plane of average density because 
of the linear relation which exists between these two variables. 

Let fci and ^2 correspond to the depths of the upper and lower ends of the bulb 

* Pmi, A. N. A new type of hydrometer for the mechanical anal3r8is of soils. Boil Set. 
33: 241-248 1932. 

* Codoni, M. R. Density of soil suspensions and the use of densimeters for mechanical 
analysis. Soil Sd. 66. 7-18.1943. The densimeter method of mechanical analysis. Boil Bci, 
66: 423-481.1943. 

* Casagrande, A. Die Araomcior-Methode zur Bestimmung der Kornverteilung von 
Boden und anderen Matorialien. Julius Springer, Berlin. 1934. 
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beneath the surface (fig. 2). The average concentration (6) may be computed as 
follows, using equation (f) for relating c to h: 

' ■ • I.'■ ihhd ■ 1’ * 

By integration, it is found that 

e = k logic al _ ^ j (g) 

The effective depth Jib, which represents the depth of the plane of average con¬ 
centration, is related to c through equation (1). Hence, it may be written that 

5 = fc logio ha + b (S) 

If equation (S) is compared with equation (S), it becomes obvious that 
Jog^ ^ felog«.fe-fei logic ^ 

rl2 — fli 

This is the relationship sought, for it expresses the effective depth as a function of 
the depth of immersion. A significant feature of equation (4) is the fact that ha is 
invariant with respect to k and h. That is, the effective depth corresponding to a 
©ven depth of immersion will depend only upon the general shape of the con¬ 
centration-depth function, not upon the numerical values’ of the parameters 
which are found in individual cases. 

Equation (4) is limited by the condition that the cross-sectional area of the 
sedimentation vessel must be very much greater than that of the hydrometer. 
This disadvantage may be overcome by a method described in the next section. 

EraSCTIVE DEPTH OF A CYLINDRICAL HYDROMETER IN A NARROW CYLINDER OP 

SUSPENSION 

The insertion of the hydrometer in a narrow sedimentation cylinder raises the 
level of the suspension and modifies the relationship between concentration and 
depth by redistributing the particles in the cylinder. These effects are evaluated 
quantitatively in the following paragraphs. It is assumed that the hydrometer 
win not be placed in the suspension until just prior to measurement, that it can 
be lowered into the suspendon without turbulence, and that a negligbile amount 
of sedimentation will take place while the reading is being taken. Measuremmts 
made in the early moments of sedimentation will not meet these requirements 
and consequently wiU fall outside the scope of the present dieory. As in the previ¬ 
ous case, it is assumed that the s^regatdon of the particles by thdr rates of fall 
in the suspension will result in a concentration gradient of the type given by 
equation (f). 

The effect of pladng the hydrometer in the suspension will be described with 
the help of figure 2. Let A represent the area df the sedimentation vessel and a 
the area of the hydrometer. When the hydrometer is inserted, the volume of the 
stu^jenskaiwhioh surrounds it will be eqiMltoL(A—o). This volume, indicated by 
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the cross-hatching in figure 2b, will be called the “zone of measurement.” Prior 
to insertion (fig. 2a), this same volume will have been confined to a narrower 
vertical zone, of thickness equal to U. Therefore L'A = LA — La and 


L ^ _A 
U A-a 


(5) 


The ratio L/L', which will be designated byc^ represents the linear magnification 
of scale produced by the encroachment of the hydrometer bulb. The rise in the 
level of the suspension will be equal to 

h^L-L'^L- (l) (6) 

As in the simple case, the hydrometer will roister the average density in the 
zone of measurement. To calculate the effective depth it will be necessary to 
locate the plane of average density. This will require knowle<^ of the density- 
depth function. Because of the logarithmic density gradient erisHog prior to in¬ 
sertion of the hydrometer, the uniform lengthening of the colmnn within the 
zone of measurement will produce a modified density-depth relationship which 
will also be a logarithmic fimction. Before any attempt is made to locate the 
plane of average density, the problem may be simplified by a hypothetical modi¬ 
fication of conditions. 

Suppose that the top of the hydrometer bulb were provided with a long exten¬ 
sion consisting of a cylinder having the same cross-section as the bulb. Imagine 
this assembly to be lowered into the suspension until the bottom of the bulb 
occupies the same level as in the actual case. (See fig. 2c.) Under these hypotheti¬ 
cal conditions, the enlargement of dimensions in the vertical direction will be uni¬ 
form from the bottom of the hydrometer to the surface of the suspension, which 
will theoretically lie at a higher level than before. Moreover, the density will be a 
continuous logarithmic function of depth throughout the colunm, and will coin¬ 
cide with the actual density in the zone of measurement depicted in figure 2b. 
Therefore, all of the conditions necessary for the application of equation (A) are 
satisfied. Using the notation indicated in figure 2c, the effective depth {Ha) in the 
hypothetical case will be given by the following equation: 

logio Us ^ - loga e. (7) 

Equation (7) locates the plane of average density with respect to the hypo¬ 
thetical level of suspension shown in figure 2c. To refer this to the surface of 
original suspension (fig. 2a), it will be hdpful to imagine that the depth relations 
existing prior to insertion of the hydrometer, with its extension, can now be re¬ 
produced by removing it. In this operation aU vertical dimensions would con¬ 
tract in the proportion 1/a. 

Therefore 

h. » ^ (S) 

a 
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and 


J. ^^2 — H\ loglO H\ , 

logic flE = - rj - TJ -l^glO W 

■«2 ““ -til 

where Hi = ahi 

and Hs = Hi + L. 

Equation (^) is an exact expression for the effective depth under the conditions 
originally specified. When the sedimentation vessel is very large, the coefficient 
a is equal to unity, and equation ( 9 ) reduces to equation ( 4 )- In both cases, the 
effective depth depends upon the functional relationship given in equation (1) 
but is independent of the numerical values of the parameters. 

CONDITIONS AFFECTING ACCURACY 

Ideal size distributions 

The validity of the theory developed in the preceding paragraphs rests upon 
the hypothesis that the concentration of suspended solids is a logarithmic func¬ 
tion of depth. A particular type of particle size distribution has been found which 
will satisfy this condition when the particles are thoroughly dispersed and al¬ 
lowed to settle in suspension. This distribution is characterized by an equal 
weight of particles within each size class in a geometric progression of sizes, and 
wiU be termed an ideal distribution. The ideal distribution is represented by a 
straight line on a conventional summation graph, where particle sizes are de¬ 
noted by the logarithms of their diameters. 

To establish the relationship between size distribution and concentration 
gradient, let P represent the summation percentage and d the particle size, and 
let m and n denote constants. The distribution may be represented by the 
equation 

P = m-logio d + n. {10) 

If the initial, or average, concentration of suspension is designated by co, and the 
concentration at depth h at time t by c, 

P = - X 100. {11) 

Co 

Therefore, by combining equations {10) and {11) 

Stokes’ equation may be written in the form 



where ij = viscodty of the medium, g = gravitational acceleration, a =» denmty 
of the solid, p = density of the liquid, t = time of fall (all in absolute CGS 
units). 
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By eliminating d from equations (12) and (18), it is found that 

c - k logic h + b ( 14 ) 

in which k = 

100 2 ’ 

Equation (14) is identical with equation (1), the empirical equation applied to 
the experimental data of table 1. 

The preceding derivation justifies the conclusion that a soil having the ideal 
type of size distribution defined by equation (10), when dispersed in water and 
allowed to settle for an arbitrary interval of time, will ^ve the logarithmic t 3 ipe 
of density gradient required in the theory. Before the results are applied directly 
to hydrometer measurements, it will be advantageous to consider other types of 
particle size distributions. 


Nonideal size distribvMons 

From the point of view of the theory, the size distribution defined by equation 
(10) is ideal. Now it will be useful to study the effects of gross deviations from 
the ideal condition. Consider a suspension which has been settling for a known 
interval of time under controlled conditions. Imagine a hydrometer lowered into 
this suspension and allowed to come to rest, with the bulb extending from the 
depth hi down to the depth hi (fig. 2b). Because the plane of average density 
must lie within the zone which controls the hydrometer reading (cross-hatched 

L 

area in fig. 2a), the effective depth will be found between hi and (hi -f- -). The 

size distributions which will be least favorable to accuracy will be those in which 
the plane of average density lies at one or the other of these two extremes. There¬ 
fore, regardless of the peculiarities which might be shown by in^vidual size 
distributions, the extreme positions which could be occupied by the plane of 
average density will be definite. These depth values, when entered in Stokes’ 
equation, will define the range of diameters within which the correct value of d 
is bound to lie. It will bo convejoient to use as a norm the value of d (now to be 
designated d*) calculated from the theory of this aorticle, and to record the ex¬ 
treme values as fractions of this amount. Thus, from equation (IS) it will be 
found that 



(1^ 


(16) 

A+^ 

(17) 

V hn 
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The extreme values for the diameter are plotted in figure 3. For convenience, 
the ordinates are calculated relative to the value of d*, which places the values 
of d, on a horizontal line intermediate between the two limiting values. This 
procedure is justified by the fact that under the ideal conditions previously 
described, da will represent the exact value of diameter sought. 

The significance of the curves can be realized by considering a particular 
case. Suppose that in a given measurement the hydrometer sinks to a depth of 
1.5 L, that is, hi/L = 1.5, and that equation (,16) gives a theoretical particle 



Fio. 3. CA.iiCULATioN ot Pabticle Stze; Limits or Variation ibou Calculated Diameter 

FOE Non-ideal Distributions 

size (da) equal to 2.0 ix. By inspection of figure 3 it will be found that the correct 
diameter will lie within the following limits: 

di = 2.0X 0.89 = 1.8 n 

di = 2.0 '3I< 1.1 = 2.2 M 

It will be seen in this case that an unfavorable size distribution could produce a 
maximum error of only 0.2 ft. In general, the noaximum error from this cause 
would be represented in figure 3 by the vertical distance from the horizontal 
line to either of the limiting curves. That is, the correct value may lie anywhere 
between the two curves, whereas the calculated value represented by da will 
always lie almost midway between them. 

The maximuTn error indicated in figure 3 could occur for certain types of 
particle size distributionB, for example, in a nearly monodisperse system at the 
moment when the sharp boundary between concentrated suspension and clear 
liquid passes the depth hi. At the given instant, the average concentration in the 
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zone of meapSurement would be slightly less than the initial concentration, and 
the plane of average concentration would occur on the density boundary at hi. 
The correct value for diameter, therefore, would be found on the lower curve 
instead of the middle one. Natural size distributions of tViia extreme type are 
rare. 

The amount of error resulting from an unfavorable size distribution will be 
partly controlled by the depth of immersion of the hydrometer. In general, 
the more deeply the hydrometer sinks during the measurement, the less will 
be the magnitude of the error caused by assuming an ideal distribution. Figure 3 
shows that iJie error increases sharply below h 0.5 L, and for this reason it is 
recommended that depths of immersion le^ than this value be avoided. 

From the information provided by figure 3 it can be concluded that the ef¬ 
fects of nonideal size distributions are predictable, within definite limits. In 
view of the fact that these limits represent the worst possible conditions for the 
application of the theory, one may usually expect very much more favorable 
results than indicated in the figure. Further evidence for this conclusion is 
produced in the following section. 

APFLICABILrrY OS' THE METHOD 

According to the theory of this article, accuracy will be affected if the soil 
under study does not conform to the ideal type of size distribution. It would be 
desirable, therefore, to have a means of judging the rdiability of the theory in 
specific cases. Moreover, no limits have yet been set on the range of/diameters 
within which the ideal distribution must hold in order to satisfy the theoretical 
requirements. These questions can now be answered. 

As before, consider the situation represented in figure 2b. Because the rest 
point is affected only by that part of the suspension which contains the bulb, 
it is required that equation (f) be satisfied only between the depths hi and hi. 
This requirement will be met, for given conditions of sedimentation, if the 
summation curve is linear between the diameters di and it calculated from Stokes’ 
equation for the depths hi and ht respectively. It will be recognized that the 
curves in figure 3 contain the information necessary for determining these diame¬ 
ter limits. Thus, a vertical line drawn upon a particular value of hi/L will inter¬ 
sect the curves at the desired values of di and dt. 

The measurements will comply with the theoretical conditions if the summa¬ 
tion curve is linear between liie diameter limits shown in figure 3 for a given 
depth of immersion. If the summation curve is nonlinear in this interval, the 
amount of discrepancy between actual and theoretical values of diameter wilt 
depend upon the amount of deviation from linearity, but even m extreme cases 
the discrepancy will not be more than approximately half the width of the inter¬ 
val. 

The interval between tile two curves in figure 3 represents a rather narrow 
range of sizes. Ordinarily, any selected narrow section of a summation curve can 
be satisfactorily represented by a straight line segment; tiherefore it is reasonable 
to expect the present theory to bo valid in the majority of cases. 
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COMPABISON OF THE PBBSBNT METHOD WITH PBBVIOUS METHODS 

The most complete theory of the hydrometer method hitherto available has 
been that of Casagrande. In Casagrande^s theory, the center of volume of the 
hydrometer bulb was assumed to coincide with the plane of average density. 
A comparison of the present method with Casagrande’s method is shown in 
figure 4. The two methods of calculating effective depth agree for deep immersion 
of the hydrometer, but differ by 36 per cent in the extreme case where fei/L — 
0. For the minimum depth of immersion recommended in this article, the dis¬ 
crepancy is only 5 per cent. Careful study of Casagrande’s method shows that 
his choice of the center of volume as the plane of average density is equivalent 
to the assumption of a linear density gradient in the suspension. The sharp 
curvature of the density-depth function in the upper part of the suspension 



Fig. 4 
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HYDROMETER R£AP(NG GM^/LITER 
Fig. 5 


Fig. 4. Oompabison op Present Tjsbobt with Casagbande's Theory fob Various 

Depths of Iimmebsion 

Fig. 6. Depth Calibration of a Boutoucos Hydrometer 


illustrated in figure 1 has the effect of placing the point of average density obofoe 
the center of volume. Therefore the effective depth is actually less than predicted 
from Casagrande’s equation, and the discrepancy becomes greatest at shallow 
depths of immersion where the density gradient is steepest. 

The failure of the Casagrande method for shallow depths of immersion was 
previously shown by Codoni. Codoni proposed an alternative method which, 
although soundly based, had a limited range of usefulness because of inclusion of 
the parameters of distribution in his equation for effective depth. 

For a number of years, the empirical method of Thoreen has been recommended 
as a standard method by the American Society for Testing Materials.^ Figure 

^ American Society for Testing Materials. Procedures for Testing Soils, pp. 19-29. ASTM, 
1916 Pace St., Philadelphia 3,1944. 
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5 shows a calibration curve of a hydrometer of the type to which the Thoreen cali¬ 
bration was meant to apply. This is the original Bouyoucos design of hydrometer, 
designated as the type-A hydrometer by the ASTM. Although the bulb is not an 
exact cylinder, there is probably little error in theoretically replacing the actual 
bulb by a true cylinder of the same volume, provided that the centers of volume 
of the real and hypothetical bulbs are made to coincide. Th er e is a large dis¬ 
crepancy between the Thoreen method and the other two methods illustrated. 
Althou^ the agreement is good at a concentration of 40 gm. per liter, where 
the calibration curves cross, the deviation of the Thoreen value of effective 
depth from the one derived in the present article is about 30 per cent at low 
concentrations (deep immersion). Although Thoreen based his calibrations upon 
comparisons with the pipette method, the 0.42 factor which he obtained for 
computing effective depth from the depth of immersion of the tip varied widely 
among the different soil suspensions upon which the average factor was based. 
As no criteria were available as to whether a given suf^ension might conform 
closely or depart widely from the accepted figure, the Thoreen correction has 
never engendered great confidence in the results obtained through its use. 

SUMMABY AND CONCLUSIONS 

Determination of particle size by Stokes’ equation requires accurate knowledge 
of the settling depth. Failure to fulfill this requirement has been a limitation of 
the hydrometer method. To remedy the defect, a new method of calibration has 
been developed, the physical basis of which is briefly described below. 

In a particular soil suspension settling under gravity, the concentration 
of suspended soil at an arbitrary time after mixing was found to be a logarithmic 
function of depth. This result led to the idea that a logarithmic concentration 
gradient might be a general characteristic of soil suspensions undergoing sedi¬ 
mentation. The latter hypothesis was used in the devdopment of the theory. 
It was shown that a cylindrical hydrometer placed m a suspension of the type 
just described would register the density of Jihe suspenraon at a definite dep&, 
which could be calculated from the depth of inunersion of the hsrdrometer at the 
time of measurement, and from the dimensions of the hydrometer and sedimen¬ 
tation vessel. Moreover, it was shown that the effective depth was invariant 
with respect to the parameters in the concentration-depth function. Therefore a 
hydrometer calibration derived from this theory would give the effective depth as 
a function of tho depth of immersion and would apply uniformly to all suspensions 
of the given type even though they m%ht differ widely in concentration and in 
magnitude of concentration gradient. 

It was found that the requirement of a logarithmic density gradient would be 
satisfied by any soil in which the particles were equally distributed, by weight, 
over a geometric progression of size intervals within a narrow range above and 
below the calculated size. This would make the new method most accurate for 
those sizes which occur on straight sections of the summation curve, when the 
latter is plotted on a logarithmic scale of sizes. More specifically, it was ^own 
that for greatest accuracy the summation curve must be linear over a definite 
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range of sizes, the limits of which can be determined as shown in figure 3. From 
a study of this figure, it was recommended that depths of immersion Qh) shallower 
than half the length of the bulb be excluded from the working range of the 
hydrometer, for the range of linearity required in the summation curve woidd 
be less than ± 25 per cent of the measured size (± 0.1 cycle on the logarithmic 
scale). 

It was shown that the particle size distributions which would be most un¬ 
favorable to the theory were uncommon, and that even the most extreme ones 
would affect the accuracy to a relatively minor d^ree, in an amount which 
could be predicted. 

The new theory corrects the defect in the Casagrande theory and provides an 
expression for effective depth which is free of the limitations imposed in 
theory. It offers an improvement over the empirical Thoreen calibration. The 
method requires a hydrometer having a cylindrical bulb, calibrated for use with 
a straight-dded sedimentation cylinder of known diameter. Calibration of hy¬ 
drometers in accordance with the method described should enable the attainment 
of greater accuracy in hydrometer anal 3 rsis than has been possible hitherto. 



TI2ATI0N OF AMMONIUM IN DIFFICULTLY EXCHANGEABLE 
FORM UNDER MOIST CONDITIONS BY SOME 
SOILS OF SEMIARID REGIONS^ 

C. A. BOWER 

U. 8, Department of Agriculture 
Heodved for publication April 11, 1050 

la a recent study of some saline and alkali soils from the San Joaquin Valley 
of Califomia, the Rubidoux unit of these Laboratories obtained analyses for a 
subsoil sample diowing its degree of saturation with exchangeable Na to be over 
40 per cent greater than its cation-exchange capacity as determined by the con¬ 
ventional neutral N ammonium acetate method. Investigation of this discrepancy 
has led to a study of NH 4 fixation under moist conditions by the aforementioned 
and other related soil samples. The literature on NH 4 fixation by soils was re¬ 
cently reviewed by Stanford and Pierre (5) and will be referred to herein only 
where pertinent. The purpose of this paper is to present data on (a) the amounts 
of NH 4 fixed by the various samples studied, ( 6 ) the effect of N!^ fixation upon 
cation-exchange capacity, and (c) the relation of NH 4 fixation to K fixation. 

IlATEBIAIiS AKD METHODS 

Soils studied 

The soils studied, together with some data on their chemical characteristics, 
are gvea. in table 1. All samples except 2650, 2654, and 2659, which are from 
land adjacent to the Salinity Laboratory, are from liie San Joaquin Valley. 

Fixation determinaHons 

Fixation determinations were made under moist conditions only, because pre- 
liinizrary tests showed that alkaline soils could not be dried without loss of 
applied NH 4 through volatilization. In conducting fixation determinations, du¬ 
plicate 5-gm. samples of soil were placed in 50-ml. centrifuge tubes. A 5-ml. 
aliquot of a solution containing the desired amount of NH4CI or KCl or of 
both, was then added to one of the tubes. The remaining tube, which served as 
a control, received 5 ml. of distilled water. After a contact period of 24 hours 
at a temperature of 25 ± 3 ° C. the soil m both tubes was extracted with the 
desired salt solution or acid ( 6 , p. 100 ), and the extracts were analyzed for the 
appropriate cation or cations. The amount of NHt or K fixed was obtained by 
subtiaoting the amount of tho cation recovered upon extraction from the sum 
of that added and that removed from the control sample. 

‘ Contribution from the U.S. Regional Salinity and Rubidoux Laboratories, XJ.S. De¬ 
partment of Agriculture, Riverside, Califomia, in cooperation with the eleven Western 
States and the Territory of Hawui. The writer is indebted to the Staff of the Rubidoux unit 
of these Laboratories for some of the data given in table 1. 
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Analytical methods 

All analytical methods except those for the determination of organic matter, 
Na, K, and cation-exchange capacity by Na are given in reference (6). Organic 
matter was estimated according to Peech et al. (3); Na and K were determined 

TABLE 1 


Ammonium fixation and other chemical data for soils studied 


SAICPLS 

NO. 

son. TYPE 

DEPTH 

OSGANIC 

ICATTEE 

pH OF 
SATURATED 

son. 

EXCHANGE¬ 
ABLE Na 

EXCHANGE 

CAPACITY 

BY NH 4 

ECe* AT 
25«C. 

NH 4 FIXED 
AGAINST 0.5 
iVKClt 

R-3504 

R-3605 

R-3606 

R-3507 

Traver fine 
sandy loam 


M 

7.0 

8.3t 

8.7t 

9.0t 

me.f 

100 gm, 

1.9 

4.5 

5.7 

12.4 

me./100 gm. 

8.5 

9.8 

7.9 
11.5 

miUmhos/ 

cm. 

14.3 

4.1 

4.3 

2.5 

me./m gm. 

0.0 

0.0 

0.6 

4.2 

R^SIO 

Pachappa 


0.71 

7.1 

0.3 

6.3 

0.6 


R-3611 

sandy loam 

6-28 

0.55 

7.3 

3.8 

10.0 

3.2 

1.3 

R-3612 



0.38 

8.5t 

7.2 

9.5 

6.0 

1.7 

R4514 


0- 4 

1.50 

7.7t 

6.8 

18.8 

8.5 


R-3516 


4-28 

MM 

8.3t 

15.1 

21.5 

1.9 

0.0 

R-3616 


28-60 

111 

8.4t 

17.6 

25.3 

1.2 

1.8 

R-3520 

Madera sandy 


1.26 

6.2 

0.5 

12.4 

1,4 


R-3521 


3—12 


7.3 

2.4 

12.9 

2.5 

1.1 

R-3522 


12-48 

m 

7.9t 

4.5 

12.0 

13.4 


R-3524 

Traver fine 

0-9 


8.4t 

9.8 

1 17.2 

2.2 

0.0 

R-3526 

sandy loam 

9-24 


■Si 

13.9 

! 13.8 

2.0 

0.8 

2647 




m 

10.9 

7.4 

2.5 

3.5 

R-3528 

Chino loam 


1.05 

7.6t 


19.1 

■a 

4.3 

R-3529 



0.22 

. 

7.6t 

0.3 

19.9 1 


6.2 

2650 

Pachappa fine 

11-13 

0.22 

7.7 


10.0 

ra 

3.0 

2654 

sandy loam 

35-37 

0.09 

8.0 

0.3 

10.3 


3.7 

2659 


66-67 

0.04 

8.U 

ma 

10.6 


4.9 


* Symbol for electrical conductivity of saturation extract, 
t NH 4 was applied as NH 4 CI at the rate of 10 me./lOO gm. 
t Indicates that sample is slightly calcareous. 


by means of a Perkin-Elmer model 62-A flame photometer, using Li as an in¬ 
ternal standard. In determining cation-exchange capacity by Na, the soil sam¬ 
ple was saturated with Na by treatment with neutral N sodium acetate solu¬ 
tion. After removal of the excess sodium acetate by washing with 95 per cent 
ethanol, exchangeable Na was replaced with N ammonium acetate solution. 













































FIXATION OF AMMONIUM BY SOUS 


377 


BBSXJI/rS 

Anumnis of NHt fixed hy various soils 

As shown in table 1 , the exchangeable Na content of soil sample 2647 greatly 
exceeds its cation-exchange capacity as determined by the neutral N ammonium 
acetate method. Inasmuch as the soil has a very hi^ pH value, it was at first 
thought that possibly complete saturation of the soil exchange material and an 
accurate determination of exchange capacity could be obtained only by use of 
an ammonium acetate solution having a similar hi^ pH value. However, results 



Fig. 1. Fixation or Nn4 bt Soil 2647 


for exchange capacity obtained using ammonium acetate solutions adjusted to 
pH values of 8 , 9, 10, and 11, by the addition of NH4OH, did not differ sig¬ 
nificantly from that obtained at pH 7. In view of Stanford and Pierre’s (5) 
recent work on NH4 fixation under moist conditions by calcareous Iowa soils, 
attention was then given to the possibility that some of the NH 4 applied as 
ammonium acetate during the determination of exchange capacity was fixed 
in difficultly exchangeable form, thus causing a low value for capacity. To as¬ 
certain whether soil 2647 retains NH 4 in difficultly exchangeable form, fixation 
determioations involving applications of NH4CI at various rates were made. The 
results of these determinations, which are given graphically in figure 1 , show 
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that the soil has a high NHt-hxation capacity. It 'will be noted that large frac¬ 
tions of the NHi applied at the two lower rates were fixed and that the fixation 
capacity was virtually satisfied when NH^Cl was applied at the rate of 10 me. 
per 100 gm. of soil. 

Data on the amounts of NBU fixed by other soil samples when an NBUCl 
application rate of 10 me. per 100 gm. 'was employed are iucluded in table 1 . 
Of the 21 soil samples studied, 15 fixed appreciable amounts of NEU. In general, 
the amount of N!l^ fixation increases with depth in the soil profile but no clear- 
cut relation between NBj fixation and any of the other chemical data given iu 
table 1 for the soil samples is evident. It will be noted that fixation by the sur¬ 
face layers is generally absent or very low. 

In the preceding studies, the amount of applied NH* retained by the soil 
upon extraction with 0.5 N KCl was arbitrarily used as a measure of fixation. 


TABLE 2 

Comparisons of amounts of NHi fixed by various soils against extraction by 0.5 N KCl and 

0.6 N NaCl 


SAIOUBNO. 

NH« raoED against 

DtVVESZKCE 

0.S N m* 

0.5 N Naa* 

R-3604 

me./100 gm. 

0.0 

me./100 gm. 

0.0 

me./100 gm 

! 0.0 

R-3507 

4.2 

3.6 

0.6 

R-3510 

0.0 

0.0 

0.0 

R.3516 

1.8 

1.7 

0.1 

R-3520 

0.6 

0.0 

0.6 

R-3629 

6.2 

6.1 

0.1 

2647 

3.5 

3.4 

0.1 

2659 

4.9 

4.1 

0.8 

Ave. 

2.65 

2.36 



* NH4 was applied as NH4CI at the rate of 10 me./lOO gm. 


Because the K ion may also be fixed under moist conditions by soils of semiarid 
r^ons ( 2 ), it seemed advisable to determine the amounts of NH* fixed by sev¬ 
eral soils against extraction by a salt solution contaiaing a cation such as Na, 
which is not knomi to xmdei^o fixation. Comparisons of the amounts of NH 4 
fixed against extraction by 0.5 N KCl and 0.5 N NaCl are given for ei^t soils 
in table 2 . The data show that althou^ the magnitudes of the amounts of NHt 
fixed in the two cases are similar, three of the ei^t soils fix sli^tly more NEU 
when 0.5 N KCl is employed as an extractant. These results indicate that pos¬ 
sibly because of its smaller size the Na ion can replace NEU from some positions 
not accessible to the K ion. 

Efect of NHi fixation upon aUion-excJumge capacity 

1h.e infi.uence of NE[« fixation upon cation-exchange capacity was studied by 
determining the capacity of ei^t soils to adsorb Na from neutral N sodium 
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acetate solution before and after NH 4 fixation, the rate of NH 4 CI appKcation 
being 10 me. per 100 gm. of soil. Table 3 gives the amounts of NH* fixed against 
extraction by N sodium acetate solution, the cation-exchange capacities by Na 
before and after fixation, and the reductions in exchange capacities due to NH 4 
fixation. The data show that fixation of NBU by the soils causes reductions in 

TABLE 3 


Effect of NHa fixation upon cation-exchange capacities of various soils as determined by 

saturation with Na 


SAHPU NO. 

CATION-EXCEANOE CAPAaXY BY Na 
j SATURATION 

REDUCTION IN CAPACITY DUE TO 

NHi FIXATION 

NHl FIXED 
AGAINST iV SODIUIC 
ACETATE 

Before NH 4 
fixation 

After Nm fixa¬ 
tion* 


me.fl00 gm. 

me./I00 gm. 

me /lOO gm. 

percent 

me.fl00 gm. 

R-3504 

8.7 

8.7 

0.0 

0.0 

\ 0.0 

E..3507 

15.6 

12.2 

3.4 

21.8 

3.6 

R-3510 

6.3 

6.2 

0.1 

1.6 

0.0 

R-3616 

27.2 

25.4 

1.8 

6.6 

1.8 

R-3620 

12.3 

12.2 

0.1 

0.8 

0.0 

R-3529 

26.6 

20.7 

5.9 

22.2 

6.1 

2647 

10.8 

7.4 

3.4 

31.5 

3.5 

2659 

15.8 

12.0 

3.8 

24.0 

4.1 

Ave. 

15.42 


2.32 j 

13.6 

2.39 


* NH4 was applied as NH4CI at the rate of 10 me./lOO gm. 


TABLE 4 


Comparisons of amounts of NHa and K fixed by various soils 


SANPXXNO. 

NH( FDOED AGAINST 0.5 N 

xa 

K FIXED AGAINST 0.5 IT 
NHtCL 

DIFFEXENGX 


me./100 gm 

me.1100 gm. 

me.flOO gm. 

R-3504 

0.0 

0.6 

0.6 

R-3524 

0.0 

0.6 

0.6 

R-3525 

0,8 

1.6 

0.8 

R.3629 

6.2 

6.0 

0.2 

2647 

3.5 

3.4 

0.1 

2650 

3.0 

3.3 

0.3 

2654 

3.7 

3.8 

0.1 

2659 

4.9 

4.0 

0.9 

Ave. 

2.76 

2.91 

— 


their exchange capacities by amounts which are very nearly equal to the amounts 
of NH4 fixed. The exchange capacities of four of the soil samples were reduced 
by more than 20 per cent by fixation of NH4. 

In connection with these findings, it is pertinent to compare the differences 
in the cation-exchange capacities of the ei^t soils as determined by NBEi (table 
1 ) and by Na before fixation (table 3) with the amounts of NH 4 which they 
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fix as given in table 1. These comparisons show that the differences in exchange 
capacities obtained with the two cations are similar to the amounts of NH 4 fixed. 



SALT added, ME./IOO GM. 

Fio. 2. Rblauon Bbtwxbn NH* Fixation and K Fixation 

On the basis of the data presented in this section, it is apparent that the lower 
values for capacity obtained by the neutral N ammonium acetate method are 
lai^diy, if not entirdy, due to fixation of some of the applied NHi in difficultly 
exchangeable form. 
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Relation of NHt fixation to K fixation 

Stanford and Pierre (5) found that NH 4 and K are fixed by the same mech¬ 
anism under moist conditions by calcareous Iowa soils. It was, therefore, of in¬ 
terest to determine whether their finding holds for the soils under investi^tion. 
Preliminary data on this point were obtained by comparing the amounts of 
NH 4 and K fixed by various soil samples when NH 4 CI and KCl were applied 
at the rate of 10 me. per 100 gm. of soil. As ^own in table 4 , the agreement 
between the amounts of NH 4 and K fixed are sufficiently good to surest strongly 
that the fixation mechanisms are essentially the same. IVIore conclusive evidence 
in this regard was obtained by determining the amounts of NH* and K fi-ypA by 
two soils against extraction by 0.2 N acetic acid when NH*C 1 and KCl were 
applied singly and as mixtures in various proportions. The results of these de¬ 
terminations, which are presented graphically in figure 2 , show that the anma 
of the amounts of NH* and K fixed are practically the same for all fixation 
treatments. Sample 2659 appears to fix NBU selectively, whereas in sample 2647 
no preference is apparent. Direct evidence that the addition of KCl causes a 
reduction in NH« fixation is obtained by comparing the amounts of NH 4 fixed 
by sample 2647 when NH 4 CI was applied at various rates alone (fig. 1 ) and in 
combination with KCl (fig. 2 ). For example, when NH 4 CI and KCl were applied 
together, each at the rate of 5 me. per 100 gm., only 1.7 me. of NH 4 per 100 
gm. of soil was fixed as compared with a value of 2.9 me. per 100 gm. of soil 
obtained when the same amount of NH 4 CI was applied alone. 

DISCUSSION 

Probably the first studies on NH4 fixation by soils were reported by McBeth 
( 1 ) in 1917. This investigator found that under moist conditions some soils fixed 
applied NH4 in a form such that it could not be removed by alkaline distillation 
or by extraction with 10 per cent HCl solution, that NH 4 fibation usually in¬ 
creased with soil depth, and that within the group of soils studied those from 
semiarid regions fixed much more NH4 than those from humid regions. More¬ 
over, he diowed that the capacity of soils to fix NH 4 was greatly reduced by 
pretreatment with A1-, Fe+++-, and K-salt solutions. Though knowledge regard¬ 
ing soil clays and cation exchange was insufficient in 1917 to enable McBeth to 
elucidate the nature of NII4 fixation, his findings are noteworthy in light of the 
present work and that of Stanford (4) and Stanford and Pierre (5). In the present 
study the amoimts of NH4 found to be fixed at various depths by soils of semi- 
arid regions are of the same magnitude as those r^orted by McBeth, and the 
data of Stanford and Pierre substantiate his finding regarding the relative 
amounts fixed under moist conditions by alkaline and by acid soils from humid 
areas. The work of Stanford and Pierre and that reported herein diow that imder 
moist conditions NH 4 and K are fixed by the same mechanism. McBeth’s data 
showing that prior treatment of soil with K-salt solutions largely eliminates NHt 
fixation are in agreement with this finding. 

On the basis of the present data showing that NH4 fixation is accompanied 
by a corresponding reduction in cation-exchange capacity, it is apparent that 
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the fixation process involves a cation-exchange reaction. According to Stanford 
( 4 ) clay minerals of the illite (hydrous mica) type are responsible for the K 
fixation which occurs without dbying. The fixation capacity under moist condi¬ 
tions for the illite which Stanford studied was about 1.5 me. per 100 gm. Ob¬ 
viously, the occurrence of illite of this fixation capacity in the present soils stud¬ 
ied will not account for all of the NBU fixation observed. This means that many 
of the soils studied either contain hydrous mica having a very much higher 
fixation capacity under moist conditions than the above, or that possibly another 
variety of mineral is involved in the fibsation process. 

In his studies on K fixation, Stanford (4) found that the amount of fixation 
by illite increased markedly as the pH value was increased by the addition of 
NaOH or Ca(OH)2. Furthermore, he presented data which indicated that treat¬ 
ment with hydroxide facilitates fibsiation by removing A1 and Fe from positions 
where K normally becomes fixed. In view of the data showing that NH 4 and K 
are fixed by the same mechanism, Stanford’s findings provide a probable explana¬ 
tion for the observed differences in amounts of NH4 fixed by alkaline and acid 
soils and for McBeth’s data showing that the prior addition of Al- and Fe"*^- 
salt solutions greatly decreases NH4 fixation. 

Information on NH4 fixation by soils is of practical importance from at least 
two standpoints: First, as shown in this paper, the use of the neutral N am¬ 
monium acetate method for the determination of cation-exchange capacity gives 
low values when applied to soils that fix NH 4 xmder moist conditions, and sec¬ 
ond, it would seem highly probable that the ability of a soil to fix appreciable 
amounts of NH 4 will influence its nitrogen economy. Several of the subsoil layers 
studied are capable of fixing more than 2,000 pounds of NH 4 '-N per acre foot. 

SXJMMART 

Studies involving determinations of the amotmts of NH* fixed \mder moist 
conditions, the effect of NH 4 fixation upon cation-exchange capacity, and the 
relation of NH !4 fixation to K fixation were made on a group of soil samples from 
semiarid regions. When NH 4 CI was applied at the rate of 10 me. per 100 gm. of 
soil, the amounts of NH 4 fixed by various samples against extraction by 0.6 N 
KCl ranged from 0,0 to 6.2 me. per 100 gm. Of the 21 samples studied, 15 fixed 
appreciable amounts of NH 4 . By comparing the amounts of NH 4 and K fixed 
under similar conditions, and by studying the influence of K additions upon 
NH 4 fixation, it was concluded that under moist conditions the soils studied fix 
these cations by essentially the same mechanism. Results were presented show¬ 
ing that fixation of NH 4 causes a corresponding reduction in cation-exchange 
capacity and that the neutral N ammonium acetate method for the determina¬ 
tion of cation-exchange capacity gives low values when applied to soils which 
fix NH 4 under moist conditions. 
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EFFECT OF PAST MANAGEMENT AND EROSION 
OF SOIL ON FERTILIZER EFFICIENCY^ 

JOHN LAMB, JR., EVERETT A. CARLETON, and GEORGE R. FREE 
U. S. Department of Agriculture 
Reoeivdd for publicalioa April 17, 1950 

Sheet erosion is an indication of the kind of management that leads to soil 
deterioration even on level land. If the land is sloping and exposed to the im¬ 
pact of raindrops, sheet erosion may start. This tends to be a selective process 
on many soils. Not only are the fine particles of surface litter removed, but there 
is a natural tendency for the finer soil particles that are relatively high in or¬ 
ganic njatter and plant nutrients to be removed (4, 5, 6). It has also been shown 
that the material removed has a high concentration of soil microflora (9). 

Plots were available in New York that had been used to study erosion on four 
soils for periods up to 11 years. Results of the first phase of the study, namely, 
measurement of erosion losses under various mianagement and cropping prac¬ 
tices, have been reported (1, 3). This paper is concerned with the second phase 
of the work—^the extent of erosion damage as reflected in jdelds under uniform 
cropping and management. It will be shown that the productive capacity of 
these soils is related to the degree of past erosion even though chemical nutri¬ 
ents are present in ample supply. 

PBOOBDXTBEl AKD BBSXJLTS 

High-lime UU soil 

The Soil Conservation Station near Marcellus, New York, is on Honeoye 
gravelly sUt loam at an elevation of approximately 1,000 feet. In 1939, plots to 
measure runoff and erosion under extremes of cover were installed on an 18 per 
cent west slope. These were 21 feet wide and 72.6 feet long with a minimum, of 
12 feet between plots. Two were kept fallow from 1939 to 1943, and two adja¬ 
cent plots were in alfalfa-grass meadow for the same period. The fallow plots 
lost 270 tons of soil per acre or approximately 2 inches in 4 years (table 1). The 
meadow plots lost 1.4 tons. 

In 1943,8 tons of farm manure and 160 pounds of 20 per cent superphosphate 
were plowed down on all plots and com was planted. An excess of seed was 
planted, and the resulting stands were thinned to 16,000 plants per acre. 

The eroded ex-fallow plots in 1943 produced 47 per cent as much com silage 
as the ex-meadow plots (table 1). After the plots were cropped 4 years to com, 
oats, and 2 years of an alfalfa mixture, the com crop on the eroded plots in 
1947 was only about 70 per cent of that on the ex-meadow plots. The subsoil 
at 18 inches contained carbonate limestone, and there was a good stand of al¬ 
falfa on all plots. 

* Contribution from the Division of Research, Soil Conservation Service, U.S. Depart¬ 
ment of Agriculture, in cooperation with Cornell University Agricultural Experiment Sta¬ 
tion. 
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Id 1948, all plots were fertilized with 1,000 pounds of 10-10-10 per acre be- 
fore the com was planted. Damage to soil productivity was still evident in the 
crop yields for that year. 


TABLE 1 


Effect oj poet management and erosion on crop yields at Marcelhis, New York 


SOIL XANAOSMXNX 

1939-1942 

TOTAL SOIL 
LOSS 

1939-1942 

CROP AMD YIELDS PER ACRE* 

SOIL ORQAMIC 
liATTBR 

Com 

1943 

Oats 

1944 

Mixed hay | 

Com 


Fall 

1946 

1945 1 

1 1946 

1947 

1948 

Meadow. 

T.IA, 

1.4 

270.0 


bu, 

31 

21 



bu. 

69t 

49t 

bu, 

m 

52t 

percent 

2.6 

2.0 

percent 

2.6 

2.2 

Fallow. 


Fallow plot yields as per cent of 
meadow. 

47 

68 

92 

86 

71 

84 




* Farm manure at 8 tons per acre before corn in 1943 and 1947; 1,000 pounds lO-lQ-lO 
per acre plowed under for com in 1948; 150 pounds 0-20-0 per acre for corn and 300 pounds 
0-20-0 with oats. 

t Dry matter. No grain yield in 1943, as corn did not mature, 
t Bushels of shelled corn per acre, calculated on basis of 15 per cent moisture. 


TABLE 2 

Rainfall during growing season 


STATIOM AMD YSARS 

UAY 

JOMB 

JULY 

AXTO. 

SEPT. 

TOTAL 


in. 

in. 

in. 

in. 

in. 

in. 

Arnot: 







Average 1935-1947. 

4.8 

4.2 

3.8 

4.1 

3.8 

20.7 

1946, actual. 

8,1 

3.2 

5.9 

3.2 

4.6 

24.9 

1947, actual. 

7.6 

5.4 

5.1 

4.5 

2.7 

25.3 

1948, actual. 

3.4 

4.5 

5.0 

3.7 

2,0 

18.6 

Geneva: 

Average from Weather Bureau 







records. 

3.0 

3.4 

3.3 

2.8 

2.8 

15.3 

1947, actual. 

5,3 

2.8 

3.7 

6.8 

2.4 

20.0 

1948, actual. 

5.1 

3.5 

1.5 

3.1 

1.7 

14.9 

Marcellus: 







Average 1937-1948. 

3.6 

3.9 

3.4 

2.6 

3.1 

16.6 

1943, actual. 

4.4 

3.7 

2.0 

3.4 

0.6 

14.1 

1944, actual. 

3.1 

5.6 

1.5 

2.2 

2.9 

16.3 

1945, actual. 

3.4 

4.2 

4.2 

2.4 

5.9 

20.1 

1946, actual. 

2.9 

3.2 

4.5 


8.9 

17.6 

1947, actual. 

6.9 

4.1 

8.3 

1.9 1 

2.8 

24.0 

1948, actual... 

4,4 

4.5 

1.5 

3.8 

1.7 

15.9 


Bainfall data for the growing season at all sites are given in table 2. The data 
for Marcellus show no marked deficiencies during critical months for com with 
the possible exception of July 1948. 
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Iligh-clevalion acid sandstone and shale till soil 

The Amot Soil Conservation Station is 17 miles southwest of Ithaca. In 1934- 
1935, plots lo measure soil and water runoff were started on a 20 per cent east 
slope at an elevation of approximately 1,900 feet. The plots were 6 feet wide 
and those concerned in this I’epoH were 72.6 feet long. They were separated by 
2-foot borders and hounded by steel plates 18 inches wide which projected 6 
inches above the soil. The plots were spaded rather than plowed and were cul¬ 
tivated with hand tools. 



Fi(s. 1 lOrrnc’j' or Pai^Moiis M^nvoriment vnd Krosion on Corn Gro'wtii at Ar\ot 

Photoj'rapli taken .July 1910 The plot at left had been in fertilized meadow from 1935 to 
1946 ami lost only a trace of soil by erosion The plot at right had been fallow and lost 74 
tons per acre Jioth plots were heavily fertilized in 1946. 

The soil is W('ll drained and is similar to Lordstowm flaggy silt loam except 
that it is deeper. It has a friable stmeture throughout the A and B horizons. 
The dilution of the topsoil with subsoil as erosion occurs would be expected to 
have little effect on structure and plant growth where mineral plant nutrients 
were supplied. Before the experiment was started in 1935, the area had been in 
a uniform cropping system of com, oats, followed by 3 years of red and alsike 
clover with timothy hay. The soil management program included farm manure 
with limestone and superphosphate. 

During the 11 years of runoff studies, the total soil loss varied, with the treat¬ 
ments, from a trace to 138 tons per acre. This was all diie to sheet erosion. Ap¬ 
proximately 95 per cent of the soil washed off was fine enough to pass through 
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a 2-mm. screen. Only 29 per cent of the plow layer remaining will pass through 
the same screen. 

In the spring of 1946, enough hyclralcd lime was applied to bring the soil 
leaction to pTT 5.8. To each of tlie runoff plots, 1,000 pounds of 10-10-10 was 
applied and spaded in to plow depth. Both fertilizer and lime were worked 
through the plow liiyer in the ])rocess. C\)rn was plaiite<l on May 28. An excess 
of seed was used, and the stand was later thinned to [20,000 plants per acre. 

The growth of corn was affected from the first by the degree of i*econt erosion, 
as shown by high germination wheie less soil had been lost. There was little 
evidence that the com sprouts had difficulty penetrating the slight surface crust 

TABLK 3 


ElJedof past tuanayemcnt andooiiionon ijk Id oUoin al Anwl Stnlion, nrai Ithaca^ V(w Yoih 




CORN YirLDS PLR 

VC rl" 

RLLMLD SOIL 
lAC lORS 1946 

soil MVNAGLMENr 1935-1915 

EOSS 

10?5-19i5 

1916 

1917 

Oiganic 

matter 

Degiee 

agfirtga- 

tioa 


r/i. 

bu 

bu 

pu cult 

ptr cent 

Idle 

2 

82 

75 

t.6 

86 

Meadow fertilizedf 

0 

88 

64 

4.5 

83 

Rotation potatoes-sweet clovcrj 

13 

57 

63 

4.1 

75 

Rotation corn-oals-clovor (fertilized)§ 

3 

64 

47 

4.7 

79 

Rotation corn-oats-elovcr (unfertilized) 

8 

38 

42 

3.8 

80 

Corn continuous (fertilized) H 

U 

35 

25 

3.1 

67 

Corn continuous (unfertilized) 

48 

33 

17 

3.0 

68 

Fallow, stones in place 

74 

10 

35 

3.0 

67 

Fallow, stones removed|| 

138 

24 

26 

2.9 

61 


* Bushels per acre of shelled corn calculated on basis of 15 per cent moisture, 
t E'arm manure at 6 tons per aero and 16 per cent supjri)hosi)hate at 600 pounds per acre 
every 3 years Limestone sufficient to grow clover 
t Twelve hundred pounds 5-10-5 before potato's. 

§ Farm manure 6 tons before corn; limostone sufficient t o giow clover; 300 pounds 0-10 -0 
before corn and also before oats. 

If Two hundred pounds 5-10-5 

II Stones above 2 inches any dinu'nbion removed. 

whore the greatest soil losses had occurred. Yet, the corn plants were stunted 
on the eroded plots (fig. 1). Early in the season they showed clearly a lack of 
phosphorus and possibly other nutrient deficiencies. The root system on the 
eroded plots was restricted to a small volume of fairly dry soil. The soil between 
the plants was moist but contained few roots. On the better plots, the corn was 
large and green with a maze of roots throughout the soil surface layer. 

Soil tests were made before fertilizer application and again just before the 
crop was harvested. The tests included organic matter, pH, phosphorus, both 
nitrate and ammonia nitrogen, calcium, magnesium, potassium, manganese, iron 
and aluminum.® The eroded plots were short of nutrients l^efore the fertilizers 

® Soil tests through the cooperation of Michael Pooch, Cornell University. 
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W6r6 applied, but all nutrients were considered ade<^uate after the uniform ap¬ 
plication of 1,000 pounds of 10—10-10, even at the latter part of the growing 
season. The high-yielding com plots were generally higher in organic matter, 
pH, and phosphorus, and lower in manganese, iron and aluminum. 

The organic matter and water-stable aggregates were definitely higher on those 
plots that had lost little topsoil (table 3). The organic matter was determined 
by the Wakley-Black method (8). The values so obtained were corrected by 
multiplying by a factor which was a ratio between the results obtained by this 
method and those by the customary method for determining organic carbon in 
the tube furnace by burning in pure oxygen. To establish the factor, at least 
one sample in ten was run by both methods. The degree of aggregation was de¬ 
termined from the formula 100 — (JD — where D is the percentage of 

fines (particles passing 0.2-mm, sieve) in a mechanical analysis and I is the per¬ 
centage of fines determined by wet aggregate analysis (10). 

A compaction test (2) indicated that soil from the meadow plot reached a 
maximum compaction of 1.5 volume weight at 26 per cent moisture, whereas 
soil from the fallow plot reached that condition at a volume weight of 1.6 at 
22 per cent moisture. The compactive force used was equivalent to that of a 
two-plow, rubber-tired tractor. 

In 1947, the 10-10-10 fertilizer was applied in the same manner and rate as 
in the previous year, and com was planted on June 5. Because of heavy rains 
in June and early July (table 2), 100 pounds of ammonium sulfate per acre was 
applied to all plots in mid-July. The com exhibited much the same growth be¬ 
havior as during the previous year. The plot that had been fallow with stones 
in place showed some improvement in yield, while the plot that had been in 
continuous com seemed to deteriorate still further. Soil tests again indicated no 
nutrient deficiency. Rainfall appeared adequate during both 1946 and 1947, and 
even excessive during the latter year. 

Mixed limestone till and glacial lake soils 

The soils used for erosion-control experiments at Geneva are Ontario sandy 
clay loam and Dunkirk silty clay loam. The former is a limestone till soil, more 
deeply weathered than the Honeoye at Marcellus. The Dunkirk was laid down 
in glacial lake water and is still alkaline in the subsoil. The soil where the plots 
are situated had been subjected to severe sheet erosion before the experiments 
were started. The Ontario plots are on an 8 per cent slope facing north and the 
Dunkirk on a 5 per cent slope facing south. Plots on both soils are 6 feet wide 
and 72.6 feet long with 12 or more feet between plots. Both sets of plots have 
an devation of approximately 600 feet. 

Runoff measurements from orchard covers were started in 1936 and treat¬ 
ments were continued through 1946. The total soil loss from the continuous 
fallow plots on Ontario soil was 200 tons per acre for the period compared to a 
trace from bluegrass sod and intermediate amounts from the other treatments 
(table 4). The fallow plot on Dunkirk soil lost 362 tons per acre. 

In 1947, 1,000 pounds of 10-10-10 was used—800 pounds turned under and 
200 pounds applied in bands—on each plot of both series. Com was planted on 
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June 7. An excess of seed was used, and the plants were thinned later to 20,000 
per acre. The yields of com varied from 62 to more than 100 bushels per acre 
on the Ontario plots and from 54 to 82 on the Dunkirk plots. 

The fertilizing and planting procedures were the same in 1948 as in 1947. On 
the Dunkirk plots, the com failed to emerge to a satisfactory stand in 1948 be¬ 
cause of severe crusting on both plots. Cabbage was set out on these plots to 
replace the com. It survived a summer drou^t and was stimulated to a fair 
yield on all plots by fall rains. 

Sheet erosion here is not so selective a process as at Marcellus and at Amot 
(6). The Ontario plots were a part of an orchard soil-management experiment 
with no crops removed. The vegetable crop rotation on the Dunkirk soil con- 


TABLE 4 

Effect of past management and erosion on yield and rate of growth of com at Geneva, New York 


ICANAOEMSNT 1936-1946 

TOTAL 
son. LOSS 
1936-1946 

CORN 

KBLAXED SOIL 
7ACTOX8 1946 

Yield per acre* 

Growth per day 1947 

Organic 

matter 

Degree 

aggrega¬ 

tion 

1947 

1948 

July 11- 
21 

July 29- 
Aug. 11 


T,/A, 

hu. 

hu. 

in. 

in. 

per eaU 

per cent 

Ontario 60i'Z:t 








Bluegrass sod. 

Trace 

100.4 

93.1 

2.2 

3.2 

2.4 

55 

Buckwheat sown in trash. 

9 

97.2 

105.8 

2.2 

3.2 

2.4 

60 

Soybeans fall-plowed. 

7 

94.9 

81.6 

2.1 

2.9 

2.1 

40 

Soybeans sown in trash. 

11 

94.3 

96.1 

2.3 

3.5 

2.1 

54 

Winter rye, summer fallow.... 

77 

72.5 

67.6 

1.3 

3.1 

1.7 

27 

Continuous fallow. 

200 

62.2 

40.S 

1.3 

2.8 

1.3 

16 

Dunkirk soiUt 








Vegetable crop rotation. 

31 I 

82.1 

14.8S 

1.1 

3.2 

1.7 

— 

Fallow. 

352 

53.9 

14.9§ 

0.4 

2.1 

1.1 

— 


* Bushels per acre of shelled corn calculated on basis of 15 per cent moisture. 

t Ontario sandy clay loam; 2.0 per cent organic matter, 1936. 

i Dunkirk silty clay loam. Rotation of corn, cabbage, beans, and wheat with applica¬ 
tions of 5-10-5 at rate of 200 pounds per acre each year. 

§ Cabbage, tons per acre (see text). 

sisted of sweet com, cabbage, beans, and wheat, with all crops removed. Winter 
cover crops were used. Here, as at the other locations, high erosion losses were 
associated with low organic matter, low degree of aggregation, low early growth 
rate, and relatively low 3 rields of com. In 1947 conditions for seedbed preparation 
were better at Geneva than at Marcellus and at Amot because of a relatively 
low rainfall in June (table 2), but the early growth was slow on the seriously 
eroded plots (table 4). Later, with a very favorable August rainfall—^5.8 inches— 
the growth rate became more uniform. 

DISCUSSION 

Previous studies (7) of the effect on crop yield of the depth of topsoil as a 
result of differential erosion have yielded valuable data. In this study, the erosion 
has been recent and the detailed progress recorded. The soil loss has been due to 
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the impact of raindrops on exposed soil and to transportation of the detached 
particles for a short distance by thin sheets of water. Depth of topsoil is less 
important here than the selective removal of certain parts of the soil and the 
effect that this removal and soil exposure and cropping have had on the soil. 
Application of liberal amounts of mmeral fertilizers failed to erase the effects 
of past management and the resulting differences in erosion. It may be well to 
emphasize that the row crops in aU these experiments were planted across the 
slope. Losses of soil and water undoubtedly would have been greater in all cases 
had not this elementary control measure been followed. 

The damage to the various soils, as expressed in reduced crop yields, varied 
and was not in direct proportion to the amount of soil washed off. 'Ihe restricted 
growth of com shown by small top and root growth indicates that the plant 
nutrients and water in the soil were used inefficiently. The greater com yields on 
the less eroded plots were due to earlier maturity, size of ear and stalk, and 
fewer barren stalks, rather than to differences in stand, since the plots in each 
experiment were thinned to uniform stands. The early maturity was especially 
important in 1947, when a kiUing freeze occurred at aU three locations on Sep¬ 
tember 23. 

Reduced aggregation and organic matter and increased compaction indicated 
that ready movement of water and air was restricted. Waste products of plant 
growth slough off or may be exuded from the growing root. This is energy ma¬ 
terial that stimulates the growth of soil organisms which use a large amoxmt of 
oxygen. The partial exhaustion of oxygen may result in piling up of the waste 
products of the soil organisms and plants to a degree that is unfavorable to the 
growth of the latter. This may weU be expressed as a poor condition of soil 
sanitation. 

In the soil at the Amot Station, more than two thirds of the plow layer con¬ 
sists of flaggy-shaped, fine-grained sandstone fragments. These range from 2 
mm. to more than 8 mches in longest dimension. The silt loam soil fills the voids 
between the coarser materials. Obviously, a soil structure favorable to the ready 
movement of uir and water is very impoitant. There is some soil mottling on 
top of the larger flat rocks in a horizontal position. This indicates local restric¬ 
tions in air movement. 

It is difficult to separate the effects of past cropping and cultural practices 
from the effect of soil removal by erosion. Since one is the result of the other, 
perhaps such distinction is not essential. In the Honeoye soil, a large soil loss 
occurred in 4 years, a relatively short time. More of the damage there might 
be ascribed to erosion. Considerable recovery was made by applying farm manure 
and growing alfalfa-timothy hay, but the damage is stiU appreciable. The rate 
of recovery from erosion damage will probably vary with the nature of the soil. 
This third phase of the work, started in 1948 at Amot and in 1949 at Geneva, 
is under way. 


STBfMARY 

Cropping and cultural practices that result in sheet erosion on the four soils 
studied rapidly led to reduced com 3 rields and inefficient use of fertilizer. Com 
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fertilized with 1,000 pounds of 10-10-10 fertilizer on one soil varied from 17 to 
88 bushels per acre; on another, from 40 to 106 bushels; and on still another, 
from 54 to 82 bushels. On the Honeoye soil, even after 2 years of alfalfa-clover- 
timothy hay, the yield of com varied from 49 to 69 bushels per acre. These 
variations on all four soils were consistently related to the amount of erosion 
that had been measured during the period prior to the evaluation of erosion 
damage by uniform cropping to com. 
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The use of li min g materials to improve crop growth on acid soils has been the 
subject of extensive investigations; yet there is little agreement today as to the 
fundamental causes of the poor growth of plants on acid soils. The poor plant 
growth associated with acid soils is a complex fimction of many contributing 
factors, all of which may be modified by liming. Not until the relative impor¬ 
tance of the different beneficial effects of liming acid soils is fully evaluated will 
it be possible to make the most intelligent use of lime. 

The beneficial effect of liming was attributed by earlier investigators primarily to neu¬ 
tralization of soil acidity, but there has been considerable criticism of this theory (3, 36). 
Aside from possible direct toxicity of the H ion (7,8,13,14), high H-ion concentrations have 
been shown to reduce the uptake of certain metal ions. Amon, Fratzke, and Johnson (6) 
found that an increasing H-ion concentration in nutrient solutions decreased the uptake 
of Ca but had little influence on the absorption of K, Mg, and NOs ions by tomato and let¬ 
tuce plants during short-time experiments. DeTurk (15) reported that red clover failed to 
grow at pH 6.0 in sand cultures containing 160 ppm. Ca but grew normally at pH 7.0 at the 
same Ca level. Experiments with soils to determine the influence of soil reaction on crop 
growth are complicated by many ecological factors that are associated with soil acidity, 
but it would appear that absorption of Ca by plants in acid soils may be restricted under 
conditions of extreme acidity. 

Albrecht and co-workers (1, 3, 24) used the technique of growing soybeans in clay-sand 
cultures in their studies of the ecological factors associated with soil acidity. They con¬ 
cluded that the principal benefit from liming acid soils comes from Ca as a nutrient for the 
plants. It should be pointed out, however, that the amount of exchangeable Ca used in 
their sand-clay cultures was only one tenth to one twentieth that found even in many 
strongly acid soils. Allaway (5) and Mehlich and co-workers (33, 34, 35) found that plants 
could remove exchangeable Ca more readily from kaolinite than from montmorillonitic 
clays, but in this study the influence of several possible contributing factors, for example 
pH and soluble A1 and Fe, cannot be fully evaluated, and therefore the differences observed 
do not necessarily reflect the true availability of Ca in the different clays. These same 
workers reported that the availability of Ca increased with the increasing degree of Ca 
saturation of the clay. Here again the soil reaction was also a variable, and consequently 
the uptake of Ca by the plants may have been influenced not only by the degree of Ca sat¬ 
uration but also by the H-ion concentration and the amount of readily soluble A1 and Fe. 
If the principal beneficial effect of liming is due to the supply of the nutrient Ca, then solu¬ 
ble sources of Ca should be as satisfactory as limestone (4). Field trials (19,20,29,38,39) 
and the more recent greenhouse studies of Fried and Peech (17) have shown conclusively 
that gypsum, in contrast to lime, fails to improve plant growth on acid soils, and moreover, 


* Contribution from the department of agronomy, Cornell University, Ithaca, N. Y. 
Part of a thesis submitted to the Graduate School by the senior author (National Lime 
Association Fellow; now at Colorado A. & M.) in partial fulfillment of the requirements 
for the degree of doctor of philosophy. 
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the use of soluble Ca salts on some soils may result in a decrease in yield (12, 25, 26). One 
exception is the effective use of gypsum in the production of peanuts on acid soils (45). The 
peanut fruit is apparently unable to absorb Ca from the soil unless there is a high Ca-ion 
concentration in the soil solution. This plant, however, is unique inasmuch as most of the 
Ca in the fruit is taken up directly from the soil and not through the main root system of 
the plant (10). 

The solubility of Al, Mn, and Fe in the soil is markedly influenced by soil acidity. Several 
investigators have attributed the poor growth of plants in acid soils to the presence of toxic 
quantities of Al, Mn, or Fe in the soil. Fried and Peech (17) found that treatments that 
increased the concentration of Mn ions in the soil solution reduced the yield of alfalfa and 
increased the Mn content of the plants. Sherman and Fujimoto (46) obtained increased 
jdelds of carrots and lettuce with either a paper mulch or applications of Ca(OH) 2 ; both 
treatments decreased the exchangeable Mn in the soil. Kipps (25) reported that alfalfa 
yields were reduced and the plants became chlorotic when the Ca/Mn ratio in the plant 
was less than 66. Hewitt et al. (22, 51) have attempted to evaluate the significance of Mn 
toxicity as a factor responsible for the poor growth of plants on acid soils of England. They 
found that typical foliar symptoms observed on cauliflower and runner beans grown in acid 
soils could be produced on plants grown in sand cultures supplied with 12 to 25 ppm. Mn. 
The injury caused by excessive amounts of Mn could be alleviated by increasing the Ca-ion 
concentration in the culture solution. These workers have suggested that lime serves two 
functions when added to an acid soil: flrst it decreases the soluble Mn in the soil; and sec¬ 
ond, it provides a better Ca-Mn balance in the soil. 

Ligon and Pierre (28), Wright (62), and others (12, 21, 44) have reported toxic concen¬ 
trations of Al in many acid soils. Plant injury from excessive soluble Al in the soils could 
be reduced by any soil treatment which decreased the solubility of the Al. The addition of 
lime was found to be most effective, but the injury due to excessive amounts of soluble Al 
also could be prevented by liberal applications of phosphate (21, 43, 52), organic matter 
(21), and basic fertilizers (9). There is considerable doubt as to the cause of Al toxicity. 
Trend and Alten (50) concluded that Al may be a root poison. Pierre and Stuart (43) and 
Wright (52) attributed the poor growth, at least in part, to root inujry. On the other hand, 
other investigators have suggested that plants grown in acid soils high in readily soluble 
Al may suffer from P starvation caused by precipitation of aluminum phosphate in the soil 
(30,31,32) or in the plant roots (22, 53). Trenel and Frey (48) and others (18, 26) reported 
that high concentrations of Al may reduce Ca uptake by the plant. 

Although the literature has shown that the crop response to liming is due to 
a complex interaction of numerous factors, most emphasis has been placed on 
the soil-plant Ca relationships. The objective of this investigation was to study 
Ca level, soil reaction, Al, Mn, and Fe as factors causing the poor growth of 
crops, especially legumes, on Mardin silt loam. Emphasis has been placed on 
evaluation of the relative significance of the increased supply of Ca as a 
nutrient in determining the growth response of alfalfa to application of lime on 
this soil. This is a strongly acid, moderately well drained brown podzolic soil 
derived from glacial till composed of acid Devonian sandstone and shale. Legumes 
and certain cereals have been foimd to respond well to application of lime on 
this soil. 


BXPBBIMENT I 

In experiment I three different experimental approaches were used to evaluate 
the significance of Ca supply as a factor contributing to the poor growth of plants 
on acid Mardin silt loam: :tot, the total Ca supply in the soli was varied at pH 
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4.75, 5.5, and 6.5 by diluting the soil with sand; second, gypsum was added to 
the soil at widely varying Ca levels; third, peat-sand cultures were used to study 
plant growth in an acid soil free of toxic concentrations of Al, Mn, or Fe. In 
conjunction with the main objective, the toxicity of Mn was studied by 
Mn to several treatments at varying levels of Ca. 

Materials and methods 

Alfalfa was grown in the green house in 1-gallon glazed pots containing eithe^ 
Mardin silt loam from the Ap horizon or peat-sand mixtures. Before treatment, 
the Mardin soil contained 15 pounds of Mg, 110 pounds of K, 55 pounds of 
Mn, 60 pounds of Fe, 400 pounds of Al, and 2 pounds P per 2,000,000 pounds 
soil, as determined by the rapid microchemical soil tests described by Peech and 
English (40). The unlimed Mardin soil contaiaed 600 pounds exchangeable Ca 
per 2,000,000 potmds and had an exchange capacity of 14.0 me. per 100 gm. 
The pH of the soil was 4.75. The woody peat used in the experiment came from 
a farm near Rose, New York. 

The soil was limed with CaCOs at rates determined from a titration curve 
prepared by the method of Bradheld and Allison (11) to give approximately pH 
5.5 and 6.5. The soil at each reaction was mixed with varying amounts of quartz 
sand to reduce the exchangeable Ca content to very low levels, and gypsum was 
added to each of the soil-sand mixtures. Manganese was included in several treat¬ 
ments at low Ca levels. The peat was mixed with sand to provide an acid medium 
low in exchangeable Ca and also low in readily soluble Al, Mn, and Fe. The 
treatments arc listed in table 1. 

The peat used in the last four treatments was first leached with 0.5 N HCl 
to remove exchangeable bases and readily soluble Al, Mn, and Fe, and finally 
washed with water imtil free of chlorides. Sufficient CaCO* was added to the 
leached acid peat to give pH 4.8 or pH 6.5, and the peat was thoroughly mixed 
with quartz sand in amounts required to give the equivalent of 500 and 4,000 
pounds Ca at pH 4.8 and 500 pounds Ca at pH 6.5 per 2,000,000 pounds of 
peat-sand mixture. All treatments with peat included 5 pounds Mn as MnCOj, 
2 pounds Cu as CuS 04 ’ 5 H 20 , and 2 pounds Zn as ZnS 04 - 6 H 20 per 2,000,000 
pounds peat-sand mixture. 

Four thousand grams soil, or an equivalent volume of soil or peat plus sand 
was weighed out per pot. As a basal treatment, 200 pounds P 2 O 6 as NH 4 H 2 P 04 
85 pounds N as NH4II2PO4 and KNO*, 200 pounds K as KNOs and E2SO4, 100 
pounds Mg as 3 MgC 0 a-Mg( 0 H) 2 ' 3 H 20 , 30 pounds S as £ 2804 , and 25 pounds 
Na 2 B 407 * 10 H 20 per 2,000,000 pounds soil were added to all pots. 

Gsnpsum was added at the rate of 2 tons per 2,000,000 poimds of soil. This 
amount was sufficient to give a saturated solution at 30 per cent soil moisture 
content. In the Mn treatments, 100 pounds Mn per 2,000,000 pounds of soil 
was added as MnCOj. 

The soil and the added materials were thorou^y mixed in an end-over-end 
chum; treatments 1 to 24 inclusive were potted Febmary 17, 1947, but the 
MnCOa was not added until March 17. Distilled water was added on the basis 
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TABLE 1 

Plan of experiment 7, and yield and chemical composition of alfalfa as affected by different 

treatments 



* G 3 rpsiiin applUed at the rate of 2 tons i>er 2,000,000 pounds soil; Mn applied at the rate 
of 100 pounds Mn as MnCOs per 2,000,000 pounds soil. 

t Exchangeable Ca content of the soil exclusive of any Ca applied in the form of gypsum. 
t L.S.D. at 6 per cent point: first cutting, treatments 1-8 inclusive - 0.56 gm.; treat¬ 
ments 11-30 inclusive * 0.39 gm.; second cutting, treatments 1-30 inclusive « 0.90 gm. 
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of 28 per cent of the weight of the soil plus 15 per cent of the weight of the 
sand. This optimum moisture content was maintained throughout the experi¬ 
ment by frequent additions of distilled water. Treatments 27 to 30 inclusive 
were set up March 27, 1947, and distilled water was added in amount equal to 
100 per cent of the weight of the peat plus 15 per cent of the weight of the sand. 
The treatments, replicated three times, were arranged in randomized blocks and 
seeded to Ranger alfalfa on March 29. The alfalfa was thinned after 2 to 3 weeks 
to 8 plants per pot. Frequent fumigation with azobenzene was required to con¬ 
trol red spider. 

The entire experiment was harvested when plants on the better treatments 
were in the early-bloom stage of growth. Plants on the poorer treatments were 
in the bud stage at the time. Four cuttings were made, June 3, July 2, August 
2, and September 2. The plant material was dried at 70® C. for the determina¬ 
tion of yields, and the leaves and petioles were removed and replicates compos¬ 
ited for chemical analyses. The plant material was dry-ashed and analyzed for 
Ca and Mn by methods described by Peech (41), for P by the molybdivan- 
adophosphoric acid procedure (27), and for A1 and Fe by a modification of the 
procedures described by Peech and English (40). At the end of the experiment 
the soil was air-dried for the determination of pH and readily soluble Al, Mn, 
and Fe by methods of Peech and English (40). The results of the third and 
fourth cuttings are not reported because, after the second cutting, plants from 
treatments 3 to 8 inclusive were chlorotic and stunted. The application of N, 
Mo, Zn, and Cu to the soil or Cu, Zn, Fe, Mn, and Ca to the foliage failed to 
mprove the growth on these treatments. 

Results 

The dry wei^ts of alfalfa and the chemical composition of the plants are 
recorded in table 1. Since the Al and Fe content of the plants varied little be¬ 
tween treatments, the results of Fe and Al determinations are omitted. The P 
and N contents are given for only the second cutting because the results were 
essentially the same for both cuttings. As the Ca and Mn content of the plants 
varied greatly for the different treatments and cuttings, the analytical results 
for both cuttings are reported. 

When the amount of exchangeable Ca in the unlimed soil (treatment 1) was 
reduced by diluting the soil with quartz sand (treatments 3 and 5), the growth 
of alfalfa increased as the amount of exchangeable Ca decreased. The degree of 
Ca saturation remained constant and the inert quartz sand could not have con¬ 
tributed to the nutrition of the plants; nor could the increased yield have been 
caused by improved aeration because of better physical condition of the soil, 
since the same trend was not observed when the limed soil was diluted with 
sand. The growth response obtained upon mbdng the soil with sand cannot be 
attributed to the apparent increase in pH as measured at the end of the experi¬ 
ment by a standard procedure using suspensions prepared by taking one part 
of soil or soil + sand mixture to one part of water. Thus m the soil + sand 
mixtures the actual amount of soil per unit volume of water was smaller and 
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consequently the higher pH value as reported in table 1 is simply due to the 
well-known dilution effect (42). 

Obviously the low Ca supply in the soil was not the cause of the poor growth 
of alfalfa on the unlimed soil. On the contrary, the results would indicate that 
diluting the soil with sand alleviated some condition causing the poor growth of 
alfalfa in the vmlimed Mardin soil. Examination of the rapid microchenucal soil 
tests revealed that the readily soluble Al, Mn, and Fe decreased when the soil 
was either diluted with sand or was limed. The relationship between yield and 
readily soluble Al depicted in figure 1 show the same trends from dilution and 
liming; similar results were observed with Mn and Fe. The Mn content of the 
plants likewise decreased when the unlimed soil was diluted or limed, but the 



Fig. 1. KjBLATiOKsmp Between YiEtn or Alealpa and Amount of Rbadilt Soixtbie 

Al IN Soil, Expebiment I 

Numbers on curves refer to treatments 

Al and Fe content remained about the same for aU treatments. The results of 
soil and plant analysis would suggest that the increase in the yield of alfalfa 
when the control soil was diluted with sand may have been caused by a reduc¬ 
tion in the amount of readily soluble Al, Mn, or Fe in the soil. The slight decrease 
in yield of alfalfa when the limed soil was diluted with sand was probably caused 
by a reduction in the supply of some nutrient element in the soil. 

Athough alfalfa grew equally well on treatments 20 and 27, treatment 27 at 
pH 4.8 contained only 500 pounds exchangeable Ca whereas treatment 20 at 
pH of 6.5 contained nearly eight times as much. Conversely, treatments 1 and 
27 each contained about the same amount of exchangeable Ca, but treatment 
27 out-yielded treatment 1 many times. The results again suggest strongly that 
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the poor growth of alfalfa on the unlimed Mardin soil was not due to the low 
supply of exchangeable Ca in the soil or to H-ion toxicity. 

Treatments 27 and 29 were set up to compare the growth of alfalfa under 
different levels of exchangeable Ca in strongly acid soil (pH 4.8) free of readily 
soluble Al, Mn, and Fe. It was not possible to make this comparison for the 
first cutting because Mg-deficiency symptoms, due to the unfavorable Ca-Mg 
balance, appeared on plsnts in treatment 29. Additional IHg was added just 
before the first cutting. No Mg-deficiency S 3 miptoms were observed on the sec¬ 
ond growth of alfalfa. The yield of alfalfa in treatment 27 with only 600 pounds 
Ca per acre was equal to that in treatment 29 with 4,000 pounds exchange¬ 
able Ca. 

The results of the treatments in which gypsum was used show clearly that 
the application of gypsum had no beneficial effect on the growth of n-Tfalfa. re¬ 
gardless of the amount of exchangeable Ca, soil reaction, or d^ree of Ca satura¬ 
tion. In only one out of 16 comparisons did the use of gypsum give an increase 
in yield significant at the 5 per cent level. Moreover, gypsum actually caused a 
decrease in yield in two comparisons. 

Although the application of gypsum to the acid soil was found to increase the 
H-ion concentration and the amount of soluble Al (see experiment II), which 
might thus have overshadowed any benefit from Ca, it is pertinent to note that 
at pH 6.5 with only 225 pounds exchangeable Ca per acre, the application of 
gypsum failed to increase the 3 rield of alfalfa. Thus satisfactory sdeld of alfalfa 
could be obtained even when the exchangeable Ca content of the soil was re¬ 
duced to 225 pounds per 2,000,000 pounds. 

It will be noted that the Ca content of the first cutting of alfalfa and total 
Ca uptake increased when the exchangeable Ca in the unlimed Mardhx soil was 
reduced by diluting the soil with sand. The same effect was observed for total 
Ca uptake in the second cutting but not for the Ca content of the plants. Thus 
some factor other than the amount of exchangeable Ca or degree of Ca satura¬ 
tion was regulating Ca uptake by the plants on the unUmed soil. There was no 
consistent relationship between yield and the Ca content of the plants. Liming 
or diluting the Mardin soil increased both yidd and Ca content of alfalfa in the 
first cutting, whereas, in the second cutting, either liming or diluting with sand 
increased yields but only liming the soil increased the Ca content of the plants. 
Alfalfa in the second cutting of treatment 5 contained only 0.72 per cent Ca; 
yet the plants appeared normal and exhibited no apparent Ca-deficiency symp¬ 
toms. Indeed when gypsum was added to this treatment, the Ca content of the 
plants increased to 1.58 per cent but with no yield response. Alfalfa grown in 
the peat-sand culture with 500 pounds Ca at pH 4.8 (treatment 27) contained 
sli^tly more than 1 per cent Ca as compared to 2.26 and 2.66 per cent in plants 
grown in the Mardin soil limed to pH 6.5, but the yields were about the same 
for both treatments. In two cuttings the application of gypsum increased the 
Ca content of alfalfa in 10 out of 16 comparisons; only in one comparison when 
gypa nm iucreased the Ca content of the plants was there an increase in yield 
(treatment 19, first cutting) and in another comparison (treatment 4, second 
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cutting) gypsum decreased the yield. The results obtained from diluting the 
unlimed soil with sand, from the peat-culture treatments, and from applications 
of gypsum show conclusively that the Ca content of the plant in itself could 
not be used as a reliable index of the Ca status of the soil and that the poor 
growth of alfalfa in this unlimed soil was not due to Ca deficiency either in the 
soil or in the plants. 

One hundred pounds of Mn, as MnCOs, added to the unlimed soil that had 
been diluted with sand greatly reduced the growth of alfalfa, and growth was 
further reduced when gypsum was applied with MnCOs (cf. treatments 6 and 
8 ). When the same amoimt of MnCOg was applied to the limed soil there was 
no reduction in growth unless gypsum was also added (treatment 17). The re¬ 
sults point strongly to one of the reasons why applications of gypsum are not 
beneficial and may even prove injurious on acid soils high in exchangeable Mn 
and are in full agreement with the results reported by Fried and Peech (17). 

Well-defined leaf symptoms were produced on plants grown in the peatnsand 
culture to which MnCOs had been added (treatment 28). The symptoms, which 
win be referred to as Mn toxicity, appeared as white areas on the margins of 
the leaves. Only slight Mn toxicity caused the veins to become white near the 
margins of the leaves (fig. 2, left leaflet); as the injury increased, small white 
spots developed near the leaf margins (fig. 2, terminal and right leaflets) until 
with severe injury 50 per cait or more of the leaf surface was affected (fig. 3). 
The center portion of leaflets similar to those in figure 8 continued to grow while 
the white marginal area discontinued growth; this caused a downward cupping 
of the leaf. As the leaves became older, necrotic spots often developed in the 
white marginal areas of the leaves. 

These symptoms were used to identify Mn toxicity in alfalfa grown in the 
Mardin soil. They were present on all plants grown in the unlimed treatments, 
but injury was greatest on plants grown in the soil receiving applications of Mn 
(treatments 6 and 8). Typical symptoms of Mn toxicity observed on plants from 
treatment 6 are ^own in figure 3. The Mn-toxicity symptoms in figure 2 are 
typical of those observed on 25 to 50 per cent of the leaves on plants from the 
control (treatment 1). In general, when the unlimed soil (treatment 1) was diluted 
with sand the extent of injury decreased, and when gypsum was applied to the 
unlimed soils the extent of injury increased. Symptoms of Mn toxicity were ab¬ 
sent on plants grown in the limed soils ^cept for treatment 17, which received 
applications of both MnCOs and gypsum. 

The Mn-toxicity symptoms could not be correlated with the Mn or Ca con¬ 
tent of the plant or with the Fe/Mn ratio. On the other hand, a scatter diagram 
of the relationship between the Ca/Mn ratio in the plant and the yield of alfalfa 
revealed a relativdy good relationship between 3 neld and the Ca/Mn ratio when 
the Ca/Mh ratio was less than 75 (fig. 4). Correlation coefficients calculated for 
the relationship between yield and Ca/Mn ratios of less than 75 were 0.82 and 
0.89 for the first and second cuttings respectively. A closer analysis of several 
treatments, however, disclosed that the Ca/Mh ratio alone could not explain 
the poor yields on the unlimed soil; for example, the yields under treatm^ts 
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1 and 8 were about the same for the first cutting, but the Ca/Mn ratio was 
much lower in plants in treatment 8; also the plants from treatment 28 had a 



Fia. 2 Fia. 3 

Fig. 2 Symptoms or Mn Toxicity on Alfalfa Grown in Unlimbd Mabdin Soil, 

Treatment 1 

Fig. 3. Symptoms or Mn Toxicity on Alealf^ Plants When 100 Pounds Mn Was 
Added to the Soil, Treatment 6 



Cat/Mn RATIO IN PLANTS 

Fig. 4. Relationship Between Yield and Ca/Mn Ratio in Alfalfa Grown on Mar- 

din Soil, Experiment I 

much lower Ca/Mn ratio than those from treatment 1, yet growth was greater 
on treatment 28. 
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Hewett (22) and Wallace (51) reported that Mn injury on plants grown in 
nutrient soltuion could be reduced by increasing the Ca concentration in solu¬ 
tion. The gypsum treatments make possible determination of the influence of the 
Ca concentration in the soil solution on Mn absorption by alfalfa. In 20 com¬ 
parisons the applications of gypsum decreased the Mn concentration in the plant 
only once; in fact, t he Mn coiit enl was generally increased by gypsum i reat ments. 
Results of soil solution analysis presented later show that tlie application of 
gypsum not only increased Ca but also greatly increased Mn in the soil solution. 
Any direct antagonistic effect of the high Ca-ion concentration on Mn uptake 
was probably overshadowed by the increased Mn-ion concent rat ioTi in the soil 
solution, because of liberation of exchangeable Mn by Q\i ions. 

Determination of the soil reaction revealed that the addition of gypsum in¬ 
creased the soil acidity by 0.25 to 0 75 pll units. The increase in acidity had but 
a slight effect on the amount of readily soluble Al, Mn, and Fe as shown l)y rapid 
microchemical soil tests. Dilution of the soil with sand decreased the amount of 
exchangeable Ca and readily soluble Al, Mn, and Fe, wheieas liming the Mardin 
soil de(‘reasod the amount of readily soluble Al, Mn, and Fe but incieased the 
exchangeable Ca. The results ot the lapid ini(‘rochemical soil tests support the 
view tliat the growth of alfalfa on the unlimed soil was not limited by the (^a 
supply. 


KXPEIUMEiVT II 

From the lesults ot experiment 1 it was apparent that the C^a supply was not 
so low as to limit the growth of alfalfa on the unlimed Mardin soil, and that there 
was sufficient amount of readily soluble Mn in the soil to produce symptoms of 
Mn toxicity on the plants. Manganese toxudty, however, did not seem to be the 
sole factor responsible for the poor gro^vth of alfalfa obtained on the unlimed 
soil. Somers and Shive (47) and Hopkins, Pagan, and Uamirez-Silva (23) found 
that the Fe/Mn ratio on the plant and in the substrate rather than the alisolute 
amounts of Fe and Mn determine the toxicity or defi(*iency of either of the two 
elements. McLean and (Jil])ert (30) reported that the hydrous oxides of Al may 
be toxic to plants, but Trend (49) found that only Al ions injure the plants. 

The objectives of experiment II wore: first, to verify the beneficial (4T(K*t of 
diluting the soil with sand observed in experiment I; second, to com])ar(* the 
effects of Al and Fe hydrous oxides with the sulfates of Al and Fe; and third, to 
obtain further evidence as to the influence of Mn toxicity on plant growth in the 
Mardin soil. 


Materials and methods 

Mardin silt loam from the Ap horizon was again used. Alfalfa was grown in 
the greenhouse in 1-gallon glazed pots filled with 4,000 gm. air-dried soil or an 
equivalent volume of soil plus sand, and all treatments received a basal fertilizer 
containing N, P, K, B, Mg, and S applied at the rate used in experiment I. 
Aluminum and Fe were added as hydrous oxides or as sulfates. The hydrous 
oxides were prepared by precipitation with NaOH from Al 2 (R 04 ),i and FeC4i solu- 
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tioQS. The suspensions were wsished with water until the A1 suspension had a 
conductivity of 65 X 10~® mhos and the Fe suspension had a conductivity of 10 
X 10~® mhos. The suspensions were standardized by evaporation to chyness and 
ignition to the oxide. The hydrous oxides were added as the suspension at the 
desired rates. Manganese was added as MnCOj. The treatments are listed in 
table 2. 

The experiment was set up on July 23 and seeded to Ranger alfalfa on August 
6, 1947. Distilled water was added frequently to maintain a moisture content 
equal to 30 per cent of the weight of the soil plus 16 per cent of the weight of the 
sand. Cuttings were made on October 13 and November 14 when the plants were 
in the early-blossom stage. The plant material was dried at 70® C. and analyzed 
by procedures described in experiment I. 

At the end of the experiment the soils were tur-dried and the soil solution was 
removed from one replicate by the following procedure: The soil was passed 
through a 4-mesh screen and mixed thoroughly. The pot was a gniTi fi ll ed -with 
the soil, and a “fine” fritted-glass filter stick was inserted with the end approxi¬ 
mately in the center of the pot; distilled water was added to bring the moisture 
'•ontent to 50 per cent of the wei^t of the soil plus 25 per cent of the wei^t of 
the sand. After 24 hours, the soil solution was removed using a tension of 50 cm. 
of Hg. The soil solution was analyzed for NOs-N, NH»-N, Ca, Mn, Al, and Re. 
Nitrogen, Al, and Fe were determined by rapid microchemical soil tests (40). Cal¬ 
cium was determined volumetrically as the oxalate, and Mn was determined 
by the periodate method (41). 


Results 

The 3 n[eld data and the chemical composition of the plants are presented in 
table 2. Diluting the unlimed soil with sand gave a large yield response, as in 
experiment I, but the maximum yidd was reached with the first dilution. Again 
as in experiment I, the application of gypsum did not increase the yield of alfalfa. 

The application of hydrous oxides of Fe and Al produced a small decrease in 
yield in the first cutting but it was not significant at the 5 per cent level. These 
materials had little effect on the yield of the second cutting of alfalfa. On the 
other hand, the application of 150 pounds Fe as FeS 04 decreased the yields in 
both cuttings, although the decrease was significant at the 5 per cent levd oelI^ 
for the second cutting. Whm Al was added to the soil as the sulfate, the plants 
were slow to germinate and the cotyledons turned yellow soon after emergence. 
The leaves became a gray-green and the veins and petioles a reddish-purple. The 
plants died in a few weeks, and there was insufficient plant material for chemical 
analysis. The results would indicate that the hydrous oxides of Al and Fe in the 
Mardin soil at pH 4.75 have but a small inJfiuence on the growth of alfalfa, in 
contrast to the sulfates of Al and Fe, which are toxic even when applied in small 
amounts, despite the fact that these salts should undergo immediate hydrolyris 
with the formation of the respective hydrous oxides. 

Manganese-toxicity symptoms were again observed on all unlimed treatments. 
Plants grown in Mn-treat^ soils showed increased Mn-tordcity symptoms over 
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the control, as did plants grown in the soil treated with FeS04. The application 
of gypsum likewise increased the s 3 nDfiptoms of Mn toxicity. Yields were not re¬ 
duced when MnCOa was added to the soil. It is apparent that the excess of Mn 
did not appreciably reduce yields until the plants showed severe symptoms of 

TABLE 2 


Plan of experiment 11, and yield and chemical composition of alfalfa as affected by different 

treatments 



1 


pH 

AT 

END 

dg 

VIIID OF 
ALFALFA PER 
POTt 

CHXUXCAL COMPOSITION OF ALFALFA 

1 

TREATUSNT PER 2,000,000 
POUNDS son. 

VOL- 

xncx 


First cutting 

Second cutting 




il 

First 

cut¬ 

ting 

Sec¬ 

ond 

cut¬ 

ting 

Ca 

Mn 

Ca 

Mn 


N 

1 

Soil pH 4.75, control 

1:0 

4.35 

lb. 

600 

gm. 

3.50 

gm. 

2.11 

Pfr 

cent 

1.54 

per 

cent 

0.140 

per 

cent 

1.42 

per 

cent 

0.081 

per 

cent 

0.31 

per 

cent 

5.00 

2 

Soil pH 4.75 + 2 tons 

1:0 

4.20 

600 

3.95 

1.48 

2.29 

0.167 

1.60 

0.157 

0.26 

4.92 

3 

gypsum 

Soil pH 4.75 + sand 

1:1 

4.80 

300 

5.50 

3.43 

1.32 

0.073 

1.19 

0.052 

0.35 

5.09 

4 

Soil pH 4.75 + sand + 

1:1 

4.30 

300 

4.78 

2.59 

1.76 

0.152 

1.31 

0.142 

0.31 

6.12 

5 

2 tons gypsum 
SoilpH4.75 + sand 

1:3 j 

4.90 

150 

4.97 

3.55 

1.38 

0.042 

1.01 

0.043 

0.37 

5.24 

6 

Soil pH 4.75 -f- sand + 2 

1:3 

4.45 

150 1 

4.85 

3.53 

2.16 

0.094 

1.29 

0.086 

0.38 

4.73 

7 

tons gypsum 

Soil pH 4.75 + sand + 

1:3 

5.00 

150 

4.52 

3.18 

1.40 

0.075 

1.08 

0.058 

0.40 

4.97 

9 

150 lb. Mnt 

Soil pH 4.75 + sand + 

1:3 

4.95 

160 

4.06 

3.52 

1.39 

0.031 

1.04 

0.040 

0.36 

6,03 

11 

300 lb. Fe§ 

Soil pH 4.75 4 - sand + 

1:3 

5.05 

150 

4.12 

3.47 i 

1.44 

0.031 

0.98 

0.043 

0.37 

4.98 

15 

6001b. Al§ 

Soil pH 4.75 -f sand H- 

1:3 

4,70 

150 

4.03 

2.65 

1.22 

0.110 

1.02 

0.080 

0.35 

4.95 

16 

1501b. Fe 11 

Soil pH 4.75 -i- sand + 

1:3 

4.00 

150 

fail¬ 

fail¬ 



■■ ■ 


- 


17 

300 lb. Allf 

Soil limed to pH 5.5 

1:0 

6.35 

2100 

ure 

8.47 

ure 

4.62 

2.45 

0.012 

2.14 

0.023 

0.36 

4.37 

18 

Soil limed to pH 6.5 

1:0 

6.15 

3800 

9.01 

5.33 

2.56 

0.009 

2.64 

0.015 

0.38 

4.70 


* Exchangeable Ca content of the soil exclusive of any Ca applied in the form of gypsum, 
t L.S.D. at 6 per cent point: first cutting « 1.23 gm.; second cutting » 0.71 gm. 
t Mn added as MnCOg. 

§ Fe and Al in treatments 9 and 11 added as the hydrous oxides. 

If Fe and Al in treatments 15 and 16 added as FeS04 and Al2(S04)s respectively. 

Mn toxicity. The application of FeS 04 did not reduce Mn toxicity as might be 
expected (23, 47). 

The results of the soil solution analysis and rapid microchemical soil tests are 
^ven in table 3. The application of the hydrous oxides of Al and Fe did not in¬ 
crease the amount of readily soluble Al and Fe in the soil as revealed by rapid 
microchemical soil tests. The application of Al 2 (S 04)3 greatly increased the read¬ 
ily soluble Al, whereas the application of FeS 04 increased the readily soluble Fe 
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but slightly. This would indicate that the soluble Fe and A1 extracted by the 
acetate solution at pH 4.8 in accordance with the rapid microchemical soil tests 
(40) is of considerable ecological significance and should prove useful in assessing 
the lime needs of soils (42). Indeed, some of the unpublished studies^ in this lab¬ 
oratory have shown that soluble Fe and A 1 extracted by the acetate solution at 
pH 4.8 are highly correlated with soil acidity. 

The soil solution data indicate that the amount of Mn and A1 was greatly re¬ 
duced when the soil was either diluted with sand or limed. The amount of Ca in 
the soil solution decreased when the soil was diluted with sand but changed little 
when the soil was limed. The results suggest that the yield response to dilution 
with sand may have been caused, at least in part, by a reduction in A1 and Mn 
toxicity. 


TABLE 3 


Chemical composition of soil solution and results of rapid microchemical soil tests as affected 
by different treatments, Experiment II 


TSBATIIENT 

NUlfBESj 

COMPOSITION OP THE SOIL SOLUTION 

XSSULTS OP SAPm MXCnOCHEMICAL 
SOIL TESTS, FEE 2,000,000 POUNDS 
son. 

NOi-N 

NH4-N 

Ca 

Mn 

Al 

Fe 

Mn 

Al 

Fe 


ppm . 

ppm . 

ppm . 

ppm . 

ppm . 

ppm . 

ll . 

ib . 

IK 

1 

112 

11.0 

81.7 

7.36 

1.91 

0.27 

85 

360 

60 

2 

162 

11.0 

502 

46.4 

9.97 

0.29 

106 

315 

50 

3 

0.0 

6.0 

11.7 

1.25 

0.25 

0.18 

60 

125 

26 

4 

11.0 

8.0 

666 

40.6 

6.82 

0.21 

55 

140 

22 

6 

0.0 

3.5 

9.1 

1.36 

0.23 

0.19 

28 

76 

10 

6 

0.0 

6.6 

693 

24.9 

4.05 

0.36 

28 

65 

10 

7 

0.0 

2.8 

6.8 

0.43 

0.11 

0.22 

66 

66 

14 

9 

0.0 

12.6 

3.8 

0.14 

0.18 

0.62 

26 

70 

10 

11 

12.5 

2.6 

24.6 

0.39 

0.02 

0.14 

29 

70 

11 

16 

12.6 

1.3 

28.7 

7.16 

0.81 

0.14 

30 

80 

17 

16 

76.0 

115 

182 

63.2 

65.0 

0.29 

40 

160 

16 

17 

0.0 

2.8 

44.0 

0.14 

0.18 

0.23 

46 

200 

22 

18 

0.0 

9.0 

73.2 

0.00 

0.02 

0.16 

20 

90 

9 


The concentrations of Al, Mn, and Ca in soil solution were markedly increased 
when gypsum was added to the soil, as has been noted by Fried and Peech (17). 
The Al and Mn concentrations were also increased when Al 2 (S 04)8 or FeS 04 was 
applied. This would explain why gypsum aggravated Mn toxicity in both experi¬ 
ments I and II and why the application of hydrous oxides of Al and Fe had no 
influence on the growth of alfalfa, whereas the application of AI 2 ( 804)3 caused a 
crop failure and FeS 04 decreased alfalfa 3 rields. The survival of alfalfa on g 3 np- 
sum-treated soils which showed high concentrations of Al and IMn in the soil 
solution may be due to Ca antagonism resulting from the concurrent increase in 
Ca concentration in the soil solution. 

»Lunin, J. Some factors affecting the solubility of aluminum, iron, and manganese in 
soils and clays. 1949. [Unpublished Ph. D. thesis, Cornell University, Ithaca, New York.] 
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Comparison of treatments 1,17, and 18 (table 3) shows that there should have 
been an adequate supply of Ca in the unlimed soil; nevertheless, the Ca content 
of the plants from the unUmed soil was considerably lower than that from the 
limed soils. This effect may again be related to ion antagonism; the hi^ concen¬ 
trations of Al, Mn, or H may have reduced the Ca uptake by the plants. 

High concentrations of NHj-N in the soil solution resulted when nitrification 
was apparently inhibited at very low pH values (treatment 16). Low concentra¬ 
tions of both NH*-N and NO3-N were associated with higli- 3 delding treatments 
and/or treatments low in organic matter (soils diluted with sand). 

DISCUSSION 

The results of this investigation show that the poor growth of alfalfa on the 
unlimed Mardin soil cannot be attributed to the low exchangeable Ca content 
of the soil or to the low degree of Ca saturation. The growth of alfalfa increased 
when the exchangeable Ca content was reduced by diluting the soil with sand, 
and there was no yield response to the application of gypsum at any level of 
exchangeable Ca. Moreover, the growth of alfalfa was normal on a peat-sand 
culture containing less exchangeable Ca than the unlimed soil. 

Since the application of lime to acid soils may increase the Ca content of the 
crop (2, 16, 87), it has often been assumed that the beneficial effect of liming is 
due to the increased supply of Ca as a nutrient. In the present investigation, how¬ 
ever, the Ca content of alfalfa was not correlated with 3 deld. For example, 
though the yield of alfalfa increased when the soil was either limed or diluted 
with sand, the Ca content of the plant increased when the soil was limed and in 
three instances out of four decreased when the soil was diluted with sand. The 
application of gypsum generally increased the Ca content of plants without 
increasing yields. In experiment I the Ca content of plants grown in the Mardin 
soil limed to pH 6.5 was more than twice that of plants grown in the peat-sand 
culture at pH 4.8 containing only 500 pounds exchangeable Ca per acre, yet 
the 3 delds were the same for both treatments. It was also noted that the Ca con¬ 
tent of alfalfa could vary from less than 1 per cent to nearly 3 per cent without 
apparent symptoms of Ca deficiency. 

Calcium-manganese as well as Ca-Al antagonism in plants has been suggested 
by Hewitt (22) and others (18, 26) based on work with nutrient solutions. When 
an attempt wes made to evaluate Ca-Mn antagonism in the Mardin soil by add¬ 
ing MnCOt with and without gypsum, it was found that gypsum actually aggra¬ 
vated Mn toxicity. Although no soil solution studies were made in experiment I, 
the failure of gypsum to antagonize Mn toxicity may be explained in li^t of the 
soil solution data obtained in experiment II. Gypsum greatly increased the Mh 
concentration in the soil solution in experiment II as a result of the replacement 
of exchangeable Mn by Ca ions in solution. Thus it was not possible to make a 
direct evaluation of Ca-Mn antagonism from the experiment. There was, never¬ 
theless, indirect evidence in experiment II of Ca-Mn and Ca-Al antagonism. The 
addition of g 3 rpsum to the unlimed soil increased Mn in the soil solution from 
7.35 to 45.4 ppm. and increased Al from 1.91 to 9.97 ppm. without influencing 
the yield of alfalfa. The survival of the plants in this instance may well be the 
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result of Ca-Mn and Ca-Al antagonism in the presence of the liigli Ca concentra¬ 
tion (more than 600 ppm.) in tiie soil solution. 

The soil in experiments I and II was fertilized with N and P to eliminate these 
nutrients as limiting factors to plant growth under acid soil conditions, and this 
was substantiated by the plant analyses. Molybdenum was not applied initially, 
but no response was obtained when Mo was added subsequently to several treat¬ 
ments. The H-ion concentration, per se, was not a major factor controlling the 
growth of alfalfa in the experiment, inasmuch as alfalfa grew very well in the peat- 
sand culture at pH 4.8 with only 500 pounds exchangeable Ca per acre. Thus 
the primary reason for the poor growth of alfalfa on the imlimed soil cannot be 
attributed to a deficiency of Ca, N, or P, or to toxicity of the H ion. Althou^ 
definite Mn-toxicity symptoms were observed on plants grown in the control 
treatment, a critical examination of the data revealed that the extent of Mn 
toxicity of such plants was not sufficient to account for the greatly reduced 
growth. There is, therefore, good indication that the excesdve concentration of 
A1 in soil solution in the unlimed soil (control) was a major factor liTniting the 
growth of alfalfa on the soil. 


SUMMABT 

Two greenhouse experiments were conducted to determine the influence of the 
exchangeable Ca supply, soil acidity, Mn, Al, and Fe as factors affecting the 
growth of alfalfa on Mardin sUt loam having a pH of 4.75 and containing 600 
pounds exchangeable Ca per 2,000,000 pounds of soil. 

When the exchangeable Ca content was reduced to 150 pounds per 2,000,000 
pounds of soil by diluting the soil with sand, the yield of alfalfa increased as much 
as 500 per cent. The growth of alfalfa on a peat-sand culture at pH 4.8 contaming 
500 pounds exchangeable Ca was as good as that on the Mardin soil Ihned to pH 
6.5 and containing 3,800 pounds exchangeable Ca per acre. The poor growth of 
alfalfa on the unlimcd soil was, therefore, not due to the low exchangeable Ca 
supply in the soil or to the low Ca content of the plants. 

The application of gypsum to the soil at varying levels of exchangeable Ca 
and at different pH values not only failed to increase the yield of alfalfa but 
caused a reduction in yield when the soil was high in exchangeable Mn. The Mn 
and Al concentrations in the soil solution were greatly increased by the applica¬ 
tion of gypsum to the soil. 

Symptoms of Mn toxicity appeared on the plants when the Ca-Mn ratio in 
the plants was less than 76. Manganese toxicity was observed on all plants grow¬ 
ing on the unlimed soil. The toxicity was reduced when the soil was diluted with 
sand and was increased when gypsum was applied to the soil. 

Aluminum and Fe added to the soil as the hydrous oxides had little influence 
on plant growth, but when Al and Fe were added as the sulfates, the yield of 
alfalfa was reduced. The amount of readily soluble Al and Mn, as determined 
by rapid microchemical soil tests, and the concentration of these two dements 
in soil solution were decreased by either liming the soil or diluting the soil with 
quartz sand. The beneficial effect of liming or diluting the soil with sand may be 
attributed to the decrease in concentration of Al and Mn in soil solution. 
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Annual Review of Biochemistry, Volume 19. Edited by J. Mukeat Luck. Annual 
Reviews, Inc., Stanford, Califoniia, 1950. Pp. 596. Price $6. 

By reason of the publication of “Annual Review of Plant Physiology,” topics 
such as mineral nutrition, growth substances, and respiration of plants, which 
previously were included in biochemistry, are largely eliminated. The current 
volume contains 22 papers on oxidations, enzymes, chemistry of carbohydrates, 
lipids, hormones, amino acids, and nucleic acids, metabolism of carbohydrates, 
fats, and proteins, vitamins, human nutrition, muscle, neoplastic tissue, blood, 
pigments, immuno-chemistry, antibiotics, and chromatography. The work of 
some 6,000 authors is reviewed. Soil-plant scientists will be especially interested 
in the discussion of antibacterial substances from hi^er plants. These include 
allicin from onions, lupulon from hops, rhein from rhubarb, tomatine from toma¬ 
toes, and a number of others. Presumably to reduce the size of the volume and 
keep down costs, a smaller type than formerly was used. The general excellence 
of past reviews has been maintained in this volume. 

The Aviohiography of Robert A. Millikan. By Robert A. Mhukan. Prentice- 
Hall, Inc., New York, 1950. Pp. 311, plates 9. Price $4.50. 

It was only by chance that Millikan became a physicist instead of a professor 
of Greek. But once the science was opened up to him, he found himself fascinated 
by its possibilities and soon moved into a position of leader^p in this field of 
research. The many thousands who have studied Millikan and Gale’s readily 
understandable text will know that this autobiography is interesting reading. 
No matter what one’s field of research, he will find hi^y stimulating the story 
of the rise of this small-town boy to the top in physics. The last chapter sums up 
Millikan’s philosophy on the need for the spirit ^ religion and the spirit of sci¬ 
ence to work hand in hand toward the solution of the ills of manl^d. 

The Biochemistry of B Vitamins. By Roger J. Wiujams, Robert E. EIakin, 
Ernest Bberstechbr, Jr., and William Shivb. Reinhold Publidbing Cor¬ 
poration, New York, 1950. Pp. 741. Price $10. 

This is American Chemical Society Monograph No. 110, and is dedicated to 
The Clayton Foundation for Research for its generous support of studies on this 
vitamin. The authors have endeavored to produce a volume that would be read¬ 
ily intelligible to scientists in related fidds of research. The material consists of 
a careful survey of recent work on vitamin B, with su^estions for fruitful fields 
for investigation. The subject is considered in four sections, entitled “Characteri¬ 
zation, distribution, assay, and biogenesis of B vitamins”; “Catalytical func¬ 
tions”; “Role in plants and animals”; and “Comparative biological activities.” 
A statement of special interest to soil-plant-animal scientists reads: “The ane¬ 
mias in cattle resulting from cobalt deficiency can be corrected only by oral ad¬ 
ministration.” Appended to each of the 25 chapters is a long list of references, 
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which total more than 3,500 for the entire volume. The material is so well pre¬ 
sented and the coverage is so complete, as of the moment, that everyone con¬ 
nected with this and related fields of research will want to have a copy handy. 

Colloid Chemistry, Volume 7. Edited by Jbromb Alexander. Eeinhold Publish¬ 
ing Corporation, New York, 1960. Pp. 734. Price $15. 

Volume 7 consists of 43 papers written by 45 contributors from widely dis¬ 
tributed parts of the earth. It deals with theory and methods, biology and medi¬ 
cine, and technological applications of colloid chemistry. Eeferences are given 
to the work of some 1,500 research specialists. Two chapters are of special interest 
to soil scientists: Qrganophilic Clays, by Ernst A. Hauser, and Theory of Colloi¬ 
dal Behavior in Soils, by Amar Nath Puri. Every scientist will jSnd one or more 
chapters that will be of inunediate interest. Alexander’s contributions on suc¬ 
cessive levels of material structure and catalysts and neocatalysts in biology and 
medicine, of a more philosophic nature, include, among other matters, reference 
to the well-known discussion between Mephistopheles and the student about the 
usefulness of words in avoiding a direct issue. The material in this volume is of 
the usual high standard of excellence of the series. 

Colloid Science. By Jambs W. McBain. Reinhold Publishing Corporation, New 

York, 1950. Pp. 450. Price, trade, $8; text, $6. 

Arthur B. Lamb, commenting in the foreword of this book, points out that a 
knowledge of colloid science is essential to a clarification of the physics and chem¬ 
istry of a large part of the universe to which man is continuously exposed. The 
author of the book has endeavored to present the subject in the light of that 
relationship. Its 24 chapters deal with general principles, which are then applied 
to soaps, proteins, lubricants, textiles, sugars, rubbers, resins, cla 3 rs, and aerosols. 
The chapter on clays deals with classification, mineral species, x-ray examination, 
thermal analyses, electron microscope, cation csrchango, swelling, flocculation, 
rheology, uses of clays, and comparisons with other colloids. For the entire 
volume, the work of some 1,200 authors is reviewed. The book is lucidly written, 
well illustrated, and gives an excellent presentation of the knowledge in this field. 

Forage and Pasture Crops. By W. A. Wheeler. D. Van Nostrand Company, Inc., 

New York, 1950. Pp. 752. Price $8. 

This handbook on grasses and legumes for forage was prepared under the au¬ 
spices of The Field Seed Institute of North America. The material presented is 
encyclopedic in nature. The first part covers the general principles of grass and 
legume adaptations, use of fertilizers, inoculation, green manuring, pasture man¬ 
agement, hay and silage making, and the selection and breeding of forage and 
pasture crops. The second part goes into detail concerning the several legumes, 
discussing their origin, adaptations, methods of production, weeds, diseases, and 
insects affecting them, their use for hay, pasture, silage, and seed, and the varie¬ 
ties and strains. Part three, on the grasses, follows the same general pattern as 
part two. Part four consists largely of tabular material on seed and of a selected 
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list of reforences, stste by state, and for the tJ. S. Departmeat of Agriculture. 
The work of more than 1,000 soil and plant scientists is included among these 
rrferences. The book is a highly important contribution to the literature on this 
subject, and it ^ould be made easily available to all soil-crop specialists. 

HigMighis of Soil Science. By A. N. Pxjbi. Hoitsema Brothers, Groningen, The 
Netherlands, 1950. Pp. 80. Price, paper-bound, $0.60. 

This is, in effect, a very brief presentation of the more important conclusions 
contained in the author’s larger volume, “Soils, Their Physics and Chemistry” 
(reviewed in soil sciencb 69:166). The author’s ejrpressed intention is to “pre¬ 
sent the highlights of soil science against a backgroimd of classical chemistry.” 

Reconnaissance Soil Survey of Japan, Kyoto Area. By Bxtoenb P. WnTTEsroB. 
General Headquarters Supreme Commander for the Allied Powers, Natural 
Resources Section, Report No. 110-C, Tokyo, 1950. 

This report, the third of a series, deals with an area of 37,757 square kilometers 
in which the population density averages 343 persons per square kilometer. Only 
about 20 per cent of the land area is inhabited. The most important crop is rice. 
The predominant natural vegetation is mixed evergreen and deciduous trees. 
The soils are relatively young with weakly developed profiles. About 80 per cent 
of the area is hilly to mountainous. The 29 soil associations recognized are shown 
on appended soil maps. The alluvial soils are most important agriculturally. 
Planosols, ando soils, red-yellow podzolic soils, and lithosols are found at suc¬ 
cessively higher levels. 

Rothamsted Experimental Station Report for 1949. Harpenden. Pp. 178. Price 
paper-bound, 5/—(foreign postage extra). 

As usual, the report contains a great variety of material of interest and value 
to soil-plant specialists. Among the many matters discussed are deep plowing, 
radioactive tracers, spectrographic analyses of soils for molybdenum, a wind 
tunnel for study of dispersal of fungus spores, weather records showing total rain¬ 
fall of 20.28 inches for 1948-49, tainting of root crops from use of benzene 
hexachloridc, and use of salt as fertilizer on beets and barley. References to 194 
publications for the year are appended. 

(Soil Fertility and Sewage. By J. P. J. Van Vubbn. Dover Publications, Inc., New 
York, 1948. Pp. 236, figs. 28. Price $4.60. 

The author gives a very interesting account of experiences in composting town 
wastes in South Africa. After much trial and error, he succeeded in developing 
procedures by which dry refuse and night soil were made into satisfactory com¬ 
post, with control of flies and odors. His data indicated that for a population of 
10,000 there were 250 cubic feet dry refuse and 600 gallons ni^t soil daily. To 
take care of these materials required 10,000 cubic feet of trench, which, with the 
necessary platforms, was constructed at a cost of about $1,200. The costs of the 
finished product were estimated at $1 a cubic yard for a product that sold for 
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$1.50. The book merits study in connection 'with the disposal of city wastes in 
this country. It should be possible to develop mechanical means by which this 
could be accomplished with greater nicety and economy than with hand labor. 

Soils of Ihe Netherlands. By C. H. Edbiaian. North-HoUand Publishing Com¬ 
pany, Amsterdam, 1950. Pp. 177, figs. 65. 

This volume 'was 'written as a special favor to the foreign 'visitors to the Fourth 
International Congress of Soil Science, which held its formal meetings in Amster¬ 
dam July 24 to August 1,1950. The purpose of the author was to provide a back¬ 
ground of information on the soils of The Netherlands in preparation for the field 
trips that were taken August 2 to 12. The author presents a concise description 
of The Netherlands and the general classification of the soils. He then deals more 
specifically with the sands, river-clay soils, peats, marine clays, estuary soils, 
'and Zuiderzee-bottom soils. The book is of special interest by reason of the hi^ 
degree of intensity of the agriculture of The Netherlands and the large amoimt 
of land that has been reclaimed, partly from those areas from which peat had 
been harvested for fuel and partly from others that were formerly beneath the 
sea. A pro'visional soil map on the 1:400,000 scale is appended. The book ad¬ 
mirably served the purpose for which it was int^ded. 

Titanium, Its Occurrence, Chemistry, and Technology. By Jblks Barksdale. The 
Ronald Press Company, New York, 1950. Pp. 591, figs. 15. Price $10. 

It seems strange that so little attention has been paid to titanium as a constit¬ 
uent in soils and plants, since it is ninth in abimdance of the elements in the 
lithosphere, constituting 0.62 per cent of the total. The soil’s content lies between 
the iWts of about 0.50 and 1.50 per cent. Titanium in plants has been reported 
to be as high as 0.017 per cent, and there is some e'videnoe that the element is 
beneficial. Legumes are relatively high in titanium, notably in the nodules. 
Some 2,800 references are contained in this volume, which covers e'veiy phase of 
titanium chemistry and presents the first detailed discussion of this element. 
For ha'ving assembled such an excellent volmne of important mformation, the 
author is entitled to the thanks of all those who are interested in titanium. 

Fourth International Congress of SoU Science Transactions, "Volume 2. Hoitsema 
Brothers, Groningen, The Netherlands, 1950. Pp. 266. 

This volume contains two general lectures on soil structure and on soil mois¬ 
ture and evaporation by Richard Bradfield and R. H. Schofield, respectively. It 
also contains 79 additional papers that were presented before the sections on soil 
phsrsics, clay minerals, soil chemistry, soil biology, soil fertility, tropical and sub¬ 
tropical soils, land classification and evaluation, and saline soils. Taken in con¬ 
junction 'with volume 1 (reviewed in soil sctbncb 70:165), these papers present 
a good summary of some of the more important aspects of current soil science. 

The Editobs. 
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KAIDIATION INJURY TO PLANTS GROWN IN NUTRIENT 
SOLUTIONS CONTAINING P»= 

JAMI'JB M. HLUME:, C. E. HAGP’N, and RUTH W. MACKIE 
U. S. Department of Agriculture 

Recehed for publication May 24, 1950 

During recent ycara, many inveistigators have utilized radioactive isotopes 
in experiments designed to study the mineral nutrition of plants. Although ra¬ 
diation from the disintegi-ating atoms of a radioisotope is capable of damaging 
living tissue, it has liecn commonly assumed that serious plant injuiy is not 
caused by the relaiively small amounts of radioactive materials used in 
tracer tcchniciucs. This assumption was challenged by Russel and Martin (5), 
who showed a signifi(‘ant effect on the dry weights of roots of young barley 
plants when growm foi only G days in nutrient solutions containing as little as 
10 microcuries per liter. This level of radioactive isotope is no higher than 
the conccni.rations employed in many plant experiments and is, in fact, ap¬ 
preciably lower than levels that have sometimes been advocated as satisfac¬ 
tory (1). 

Because of the widespread use of radioisotopes in plant studies, and because 
many nutrition problems are not easily examined by other techniques, it is 
important to explore thoroughly the possibility that radiation damage to plants 
may occur xmder the customaiy experimental circumstances. If such damage 
does occur, then it becomes equally important to deteimine under what condi¬ 
tions the damage produced is s(‘ri(nis enough to affect the validity of conclu¬ 
sions drawn from the data obtained. 

OKNKHAL MKTIIODB 

''Phe ('xp(M*iments r<'ported in this paper were all carried out with young barley 
plants (variet.y Wong) grown in nutrient solutions in a constant-temperature 
chamber illuminated with fluorescent lights. Alternate white and daylight, 
30-watt fluorescent light tubes were moxmtcd in a panel suspended over a table 
upon which the plants were gi’own. The light intensity at the loaf surfaces was 
approximately 1,000 foot-candles. An automatic time switch provided for IG 
hours of light and 8 hours of darkness. The temperature was maintained at 
80°F., and the relative humidity was approximately 50 per cent. 

The following pro(*edurc was used to grow the experimental plants. Barley 
seeds were soaked for G hours in tap water thiough which air was constantly 

^ Bureau of Pliml Iiidustry, Hoila, mid Agricultural Engineering, Boltsville, Maryland 
This investigalion wjis sui)i)orlcd in part by the U. S. Atomic Energy Coniinissioii. 
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bubbled. The seeds were then transferred to stainless steel screens supported 
in flat Pyrex baking dishas containing lap water, the surfa(*e of which was ad¬ 
justed iiO the level of the screen. A porcelain tray was invei’led over the assembly 
to ensure darkness and reduce evaporation. Soaking and germination were car¬ 
ried on in the laboratory where the temperature was appioximately 8()°F. When 
the barley sprouls were alxnit 1 inch long (second morning after soaking) the 
por(*elam tray was removed. After a few hours in t.hc dilTused light of the labo¬ 
ratory, the dishes of seedlings were moved to the light chamber. On the fifth day 
after the seeds had been soaked, the seedlings were transi^laiited to corks, each 
cork containing six plants. 

Commer(*ially available No. 10 cans, lined with enamel, were used as con¬ 
tainers for the experimental nutrient solutions. In some instances the height of 
the can was cut down to approximately 4f inches, so that its capacity was re¬ 
duced to about 1,800 ml. from the normal 3 liters. New cans were used for each 
experiment. A 7-inch Masonite square, drilled with four 22-inch holes served to 
supporti four (‘orks of plants. An additional, smaller hole in the Masonite square 
was provided for introduction of an air line. Each board of four corks (24 plants) 
was (‘onsidered an experimental unit. Each treatment was replicated three 
times. All nutrient solut.ions were prepared from water that had passed through 
a demincralizer. 

The basic nutrient solution used was one that. Dean and Rubins (2) had found 
suitable foi* the light conditions prevailing in this light, (hamber. It contained 
per liter: magnesium sulfate, 0,5 X 10“* moles; calcium nitrate, 0.5 X 10"® 
moles; calcium sulfate, 1.0 X 10‘® moles; potassium sulfate, 0.7 X 10"® moles. 

Phosphorus was supplitxl as Kn 2 P() 4 , the amounts ditTering for the various 
treatments. Iron was furnished the plants by spraying the leaves with 10 ppm. 
ferric tartrate solution evciy second or third day. Since the plants were grown 
for comparatively short periods, no other minor elements were found necessaiy. 

The ])art.ly exhausted nutrient solutions were discarded at. fro(iuent intervals 
and re])laced by fr('sh solutions. At ea(‘h (‘hanges allowance was made for cU^cay 
of the P®®, and a sufficient (piantity of the isotope stock solution was addc'd to 
bring the P®‘® content of tlie new solutions up t.o t.he original levels. All of the 
radioactive phosphonis us('d was the sc'parated isotope pi‘epar(Hl by pile ir¬ 
radiation of sulfur and listed in the catalog of the Isotopes Division of the Atomic 
Energy Commission as Item H-3. The rout.ine analytical report.s accompanying 
t.he isotope shipments from the Oak Ridge National baboratoric^s were used as 
the basis for dilution to the desired P®® concentrations. No att.empt. was made 
to deteiminc absolute P®^ concentrations, but comparative counts on the various 
shipments showed good agi’eement. All counting of plant samples and nutrient 
solutions was carried out with a proportional counter. 

EXPERIMENTAL RESULTS 

Preliminaiy experiments had sliown that barley plants (‘ould be seriously 
damaged by P®® in the nutrient solutions, and had indicated that the P®VP*^ 
ratio (specific activity) was as important as the total amount of P®® in the solu- 
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lion bathing the roots of the plant. To determine the approximate concentration 
ranges of and at which appreciable damage might occur to young barley 
plants, the following experiment was carried out. 

Growth and phosphorus content 

Five-day-old l)arley plants were grown as described earlier, transplanted to 
corks, and pla(*ed in the various test solutions. At the time of transplanting, 
the first leaf of the plant was nearly fully expanded and the second leaf was just 
starting to emerge from the sheath. The nutrient solutions used were divided 
into four series on the basis of their H 2 P 04 - content, being respectively o X 
10"°, 5 X 10“S 5 X 10"S and 5 X lO"® molar with respect to phosphate. 

There were three treatments in each of these series. They contained lespectively 
0, 50, and 200 microcuries P^^ (as H2PO4") per liter. All solutions were dis¬ 
carded and replaced by fresh solutions every fourth day. Forced aeration of 
the cultures was not employed. The plants were gro\vn for 12 days before being 
harvested, at which time they each had three well-developed foliage leaves, the 
last two of whi(*h had made nearly all of their growth since the beginning of the 
experimental treatment. In some of the plants,a fourth leaf was just starting to 
emei'ge. At, harvest, the lengths of the second and third leaves were recorded 
and the dry weights of tops and roots were taken separately. Figures 1, 2, 3, and 
4 show r('present,at,ive plants at harvest time. Table 1 presents the yield data. 

Obviously, the length of the newer leaves is a more sensitive criterion of 
damage than dry weight of either tops or roots. This is not unexpected, since 
a consideiabk' part of the dry weights of the tops and the roots of the plants at 
harvest is due to the weights of those same pai*ts at the time the experiment 
staric'd, whereas t,he leaf measurements deal only with growth subsequent to 
treatment. Since there was no evidence of atrophy of the original plants, the 
measuremc'iits (healing with new growth show differences between treatments 
mor(» (‘fl'ectivc'ly than measurements dealing with the entire plant. 

An analysis of thc' data shows that the P®^ level and the P®^ level of the nutrient 
solutions have ('ach had a significant effect upon the length of leaves, diy weight 
of tops, and dry weight, of roots. On the basis of the leaf measurements, both 
th(* 50- and the 2()()-microcurie treatments on the 5 X 10"® and 5 X 10'® molar 
phosphate s('ri(‘s (‘aus(‘d significant damage to the plants. On the basis of diy 
weight of tops, signiti(*ant damage appeared only in the 200-microcurie treat¬ 
ments on th(‘ 5 X 10“*' and 5 X 10“® molar phosphate scries. When judgment was 
made on the basis of dry weights of roots, only one treatment, that employing 
200 mi(*rocuries of P®- in a 5 X 10"® molar phosphate solution, produced signifi¬ 
cant injury. No damage was apparent by any criteria on the 5 X lO"^ or 5 X 
10'® molar phosphate scries. 

In a se(*ond expei*iment, the effect of somewhat lower levels of upon barley 
plants w'as studied wlien the plants were gro\vn in a nutrient solution which 
cont,ain('d 2 X 10“® moles Il 2 P() 4 ‘ per liter. The barley plants were again 5 days 
old wh(Ti t,h(' (‘xperiment, was st,arted and were gro^vn in the experimental solu¬ 
tions for 15 days. A stre^am of filt,ered air was continuously bubbled through 
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each solution and all solutions were discarded and replaced every second day. 
Figure 5 shows representative plants on the harvest date, and figure G the aver¬ 
age lenglih of the second, third, and fourth loaves at harvest. 



Fia. 1. Barlky Grown in Nittrimnt Solution 5 X 10 ® Molar in Piiosimiatw 
Fig. 2. Barlky Grown in NirraiKNT Solution 6 X 10 > Molva in PirospiiATiO 
Fig. 3, Barlky Grown in Nutrient Solution 5 X 10“' Molar in Piiokpuatk 
Fig. 4. Barley Grown in Nutrient Solution 6 X 10“® Molar in Phosphate 
Figs. 1-4, left to right: 0, 50, and 200 microcurios P®* per liter 
Fig. 5. Barley Grown in Nutrient Solution 2 X lO”® Molar in Phosphate 
Left to right: 0, 2, 4, 8, 16, 32, and 64 microcuries P®® per liter 


The measurements show that the length of the second leaf was significantly 
affected only at the two highest levels of namely, 32 and ()4 microcuries 
per liter, but that the length of the third leaf was affected at still lower levels. 
In the 64-microcurie treatment, the third leaf did not emerge at all. The third 
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TABLE 1 


Effect of in nutrient solutions on growth of barley plants 



GROWTH CRITERIV 

MICROCURIES P®S PRR LITER Or 





NIFTRIENT SOLUTION 


Moles per Liter of Nutrient Solution 



S X 10-« 

5 X iro 

5 X 10-‘ 

S X 10-» 


-lu. total length {ctn.) of 2nd and 3rd leaves {per plant) 

0 

21.90 1 

27.87 

25.73 1 

26.26 

50 

10.49*'' 1 

24.46* 

29.78 

24.96 

200 

4.51** 1 

9.32** 

24.40 I 

25.32 


Av. dry weight (gm.) oj 

f tops {per 24 plants) 

0 

0.55 

0.74 1 

0.64 

0.66 

50 

0.50 

0.71 1 

0.83 

0.64 

200 

0.30** 

0.51** i 

0.64 

0.63 


Av. dry weight {gm.) o. 

f roots {per 24 plants) 

0 

0.23 

0.24 

0.23 

0.22 

50 

0.25 

0.28 

0.25 

0.22 

200 

0.13** 

0.20 

0.25 

0.21 


* Siguificaiitly lowor than respectivo control at 5 per cent level. 
** Significantly lowor than respective control at 1 per cent level. 



Microcuries P®* per liter of Nutrient Solution 
Fig. C. Ekfkc’t of P®* (Jonc’kntkation of Nutrient Soiattion on 
Lmnotii of Barley Leaves 
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leaves of plants gi’own on solutions containing 8 or more microeuries P®*-* per 
liter were significantly shorter (I per cent level) than the third leaves of the 
plants of (he controls. The lengths of the fourth leaves of the 2-, 4-, and 8-mil- 
li(*urie treatments showed increases above the lengths of the corresponding 
leaves of the control plants, l)ut the increases were not significant, and the 
fourth leaves were greatly shortened on the ])lants grown in the l()-ini(*rocurie 
Lreatment. There were no emergent fourth leaves on the ])lants grown on solu¬ 
tions containing 32 or i)i microcuries per liter. 


TABLE 2 


Effect of (iijfeietit levels of in a 2 X molar phosphate nuUieni solution 

on growth of barley 


MICROCURirS PLR LITER OP 
NUTRIENT SOLUTION 


DRY WT. 01 TOPS (24 PLANTS) 


DRY WT 01 ROOTS (24 PLANTS) 


gm. 


qm. 


0 

2 

4 

8 

16 

32 

64 


1.79 

1.71 

1.70 

1.74 

1.50** 

1 . 01 ** 

0.94** 


0.63 

0.60 

0.62 

0.5S 

0.67 

0.68 

0.43“ 


‘ Significant at 1 per cent level. 


TABLE 3 

Phosphate absorption by barley from 2 X molar phosphate solution 


MICROCURILfa P’J PER LITER OF 


PUOSPIIORUS ABSORRED BY 24 PL\NTb IN 48 HOURS* 


NUTRIENT bOLUTION 

2nd Period 

?rd Period 

4th Period 

5th Perio<l 


mgm 

mgm. 

mgni. 

mgm. 

2 

1.03 

1.05 

1.04 

1.06 

4 

1.03 

1.04 

1.07 

1.07 

8 

l.Ot 

1.05 

1.07 

1.08 

16 

1.04 

1.05 

1.08 

1.08 

32 

1.02 

l.OO 

1.07 

1.07 

64 

0.99 

1.01 

1.07 

1.07 


6lli Period 
mtiiH. 

1.05 
1.07 
1.08 
1.08 
1.07 
1.00 


* Total phoBplioruH available per 48-hour period was 1.10 mgm. 

Table 2 shows the dry weights of tops and roots. Once again, both are less 
sensitive criteria of plant damage than the leaf measurements. The dry weight 
of tops was significantly less than the dry weight of the tops of tlie control 
plants for the three highest levels of treatment but only the ()4 microcuries per 
liter solution produced plants with dry weight of roots significantly less than 
that of the control. Table 3 shows the total phosphate utilization by the plants 
during five of the seven 48-hour periods between solution changes. The data 
were obtained by counts of the solutions before and after use. There were 
no significant differences in amounts of phosphorus absorbed. 
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In a third experiment, barley plants were growm in nutrient solutions 1 X 
10"® molar for phosphate. The solutions for the various treatments contained 
0, 4, 8, 1(), 32, ()4, and 128 microcurios per liter, respectively. This specific 
activity range had boon covered in the first experiment reported in this paper, 
but under somewhat dilTerent conditions. The barley plants were transferred 
to corks when t/hoy were days old and wore allowed to grow until they were 
14 days old in a nutrient solutiion that contained no added phosphorus. At that 
time the so(*ond leaf was almost fully expanded. They were then placed in the 
experimental solutions. Forced aeration of the nutrient solutions was employed, 
and the solutions wore discarded and replaced every third day. The plants were 
allowed to remain in the experimental solutions for a total of 17 days before 
harvest. Table 4 shows the results obtained. The data give no evidence of radia¬ 
tion damage t-o either tops or roots at any of the P®- levels used. Table 4 also 
lists the phosphorus content of both tops and roots of these plants. There is no 

TABLE 4 


EJfccl of (Ifjfcrcnt Jevcla of in a 1 X molar phosphate nutrient soluiion upon growth 
and phosphorus conieni of barley plants 


MICRCH’IIRIKS pj“ I»I:R LITHR Or NUTRIKNT 
faOUITlON 

TOTAL LENGTH PER 
PLANT 3rd, 4tII, 5th, 

DRY WT. (24 plants) 

P CONTENT or PLANTS 

AND <)TH LEAVES 

Tops 

Roots 

Tops 

Roots 


cm. 

gm. 

gm. 

% 


0 

101.59 

3.35 

1.26 

1.30 

1.32 

•1 

100.68 

3.32 

1.04 

1.26 

1.28 

8 

99.12 

3.34 

1.15 

1.31 

1.20 

16 

100,99 

3.40 

1.15 

1.37 

1.23 

82 

101.56 

3.50 

1.35 

1.40 

1.21 

04 

103.68 

3.55 

1.25 

1.33 

1.21 

128 

99.42 

3.32 

1.29 

1.46 

1.29 

Siamlard Error... 

1.26 

0.06S 

0.061 

0.049 

0.029 


indication that th(i amount, of P^- in the nutrient solutions affected the uptake 
of ])hosphonis by the plant either favorably or adversely during this period of 
growth, 

Iliiiiology and morpholof/tj 

At th(‘ harv(‘st. of ('ach ('X])eriment, samples of the rooL tips and of the section 
of the st.em containing the apical bud were selected for sectioning and histologi¬ 
cal examinat-ion. Th<' results of these examinations will bo reported in detail 
elsewhere, but. it. is of interest t.o not.e here that, in general, normal meristematic 
activity continued in the root tips and apical buds of those plants in which the 
leaf lengths had not. been affected by radiation, and certain abnormalities ap¬ 
peared in t.he api(*al regions of those plants in which leaf lengths were Bhoi*ter 
than t,hose of th(' (*ont.rols. Abnormalities in the apical buds appear at slightly 
lower specifk* aet.iviti(^s of t.he nutrient solutions than abnormalities in the root 
apex. Tho injury to thes(' normtdly rapidly growing regions appears to be a 



Fio. 7. Root Tip of Nokmal Barley Plani 
Fio. 8. Root Tip op Barley Plant Injured by Irradiation prowl P®* 

Fig. 9. Apical Bud of Normal Barley Plant 
Fig. 10. Apical Bud op Barley Plant Injured by Irradiation prom 

mature, as evidenced not only by the increase in size of the individual cells, 
but also by a decrease in cyiioplasmic density and an increase in thickness of 
of the cell walls. Figures 7 and 8 are photomicrographs of normal and injured 
root tips; figures 9 and 10, of normal and injured apical buds. 
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Characieristic leaf symptoms, such as those found in certain nutrient de¬ 
ficiencies, have not been noted in plants injured by radiation. With even the 
most severely damaged plants, there was no breakdown of the tissues of the 
t)ldor leaves. The tops stopped growing merely because new leaves failed to 
emerge, or if they did emerge from the sheath, failed to reach full size. 

When the specific activity of the nutrient solution was very high, rather 
pronouiK'od changes took place in the gross morphology of the roots. The Tn ain 
roots b(‘camc woody and coarse; laterals were numerous, but very short and 
blunti. Many of the root tips were swollen and deformed. When plants were 
grown in nutrient solutions of somewhat lower specific activities, the roots 
were very nearly normal in appearance, even though the shoots were appreciably 
redu(‘ed in size. 


DISCUSSION OP RESULTS 

The Gxa(‘t mechanism which operates in the damage of living tissue by radiation 
is not yet clearly undei stood. Several good reviews of the subject are available 
(3, 4), and it is not necessary that the subject be pursued in detail in this paper. 
It is necessary only to know that damage to a living cell may occur when ion¬ 
izing pari,ides pass through the cell, regardless of whether the ionizing particles 
originate inside or outside the tissue under study. 

In these studies, the ionizing particle is the electron given off in the decay of 
p32 •Y\iQ mean range of this particle in tissue or water is about 3 mm., but the 
extreme range in these media is approximately 8 mm. Thus, any particular cell 
within 8 mm. of a disintegrating phosphorus atom might be traversed by the 
electron ejed.ed. The leaves of the plants used in these experiments were sub- 
je(‘ted only to the ionizing particles arising from disintegration of phosphorus 
atoms within the leaves themselves, since the external medium was nonradio¬ 
active air, but fhe roots were subjected to bombardment by electrons arising 
from the radioad,ive nutrient solution in which they were immersed, as well 
as by electrons originating from P*® decay within the root. 

It. follows, therefore, that the greatest direct damage to the shoots may be 
expend (‘<1 under (‘onditions that allow movement cf the greatest amount of P®® 
into tlum. Other conditions b.eing equal, that will happen when the specific 
a(‘tivit,y of the nutrient, sohition is high. This is not necessarily true for the 
root,s. Sin(‘e both t,he in t.he roots and t,he P®^ of the nutrient solution may 
possibly caus(' damage to the roots, the concentrations both inside and outside 
the root, must be considered. Therefore, not only the specific activity but also 
t,he concentratiion of the nutrient solution is of potential importance. 

In t,ho experiments described, injuiy to both tops and roots has been associ¬ 
ated with high psa/P^i ratios of the nutrient solutions, rather than with simply 
a high P®® concentration. The inference is that when radioactive phosphorus is 
used in nutrition studies, injury to the plants is most likely under conditions 
that allow accumulation of the isotope within the plant. This is true even with 
respect to root injury. In a simple plant experiment, not reported here, plants 
were grown in solutions c*ontaining as much as I millicurie P®® per liter with¬ 
out injury to either roots or tops, when conditions were not favorable for P*® 
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accumulation Axithin the plant. Although the radiation from the 
nutrient solution must affect the roots to some extent, the effect appears to 
be minor, compared to that of the held by the root, y 

The main reason for this lies in the tremendous accumulation within the 
a(‘tive plant tissues, lleprcsentative root tips, 1 cm long, from plants grown on 
a 5 X 10“*’ molar ])hosphato solution for 12 days contained 500 to 700 times 
as much P*® at harvest time as an ecjual volume of the original nutrient solution. 
No counts were made on the apical buds, but* the average P*^ content of the 
tops, on a volume basis, was about the same as that of the roots. Undoubtedly, 
the concentration in the apical bud was somewhat higher than that of the rest 
of the tops. 

Symptoms of radiation damage appeared in the tops much more quickly than 
in the roots. In a senes such as the one described in which treatments of 0, 2, 
4, 8, 16, 32, and 64 microcurievS P^® per liter were used in a nutrient solution 
2 X 10"® molar to phosphate, the effects of the treatment first became ap¬ 
parent on the highest treatment, where the second leaf appeared shorter than 
that of the control plants by the end of the first week. Two oi* three days later, 
it became evident that the third leaf was not developing normally on the 32- 
microciirie per liter treatment. In still another two days, tlie sam(' effect was 
noticeable in the plants of the 16-microcurie per liter treatment. Thus, the 
higher the specific* activity of the nutrient solution, the more qxiickly the evi¬ 
dence of damage appeared in the tops. In only one treatment was the leaf 
morphology slightly changed. The foiulh leaves of the plants grown on the 
solution containing 8 microcuries per liter of 2 X 10"® molar phosphate 
nutrient solution was tightly furled and spikeliko, and its surface was wrinkled 
near the base. This change in foim was probably responsible for the fact that 
the length of this leaf was slightly greater than that of the control, although 
not significantly so. From observations of the behavior of the second and third 
leaves of plants growing on higher spc^cific activity levels, it is believed that 
the fourth loaves of the plants glowing on the 8-inicvocurio per liter treatment 
would have stopped growing in another day or two, and the length, therefore, 
would soon have been surpassed by that of the contiols. If this argument is 
carried further, there is a possibility that the plants treatcnl with \ microcuries 
per liter might, have shown injury if the experiment, had been continued longer. 
The exact specific activity level necessaiy to (*ause detectable injuiy may well 
depend on the length of the experiment. 

Both the gross appearance of the tops and the roots and the histological 
examination of the sections of the root tips and the apical buds lead to the con¬ 
clusion that the effect of radiation has been of importance only in the regions 
of the plant where cells are actively dividing. 

The studies reported here were carried out with nutrient solutions coveiing 
the same range of phosphate concentrations as those employed by Russell and 
Martin (5). Barley plants at about the same stage of gi’owth were used in each 
case, but in their experiments the plants were allowed to grow in the radioactive 
solutions for a somewhat shoii/or peiiod before harvest. 

Russell and Maitin reported that there was some indication that phosphate 
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absorption by the plants from the nutrient solutions had been depressed by 
radiation injury. A later papei* from the same laboratory (6) reported that 
phosphate absorption by plants from fertilizers applied to greenhouse pots was 
affected by the content of the fertilizer, even when the top yield was nonnal. 
In one ease, decreased utilization of fertilizer phosphate was associated with 
increased specific a(*tivity of the fertilizer; in another case, the reverse was found 
to occur. 

In the expenment.s carried out at this laboratoiy, there was no evidence that 
the presence of radioactive phosphorus affected the absorption from the solu¬ 
tions. In the series in which plants were growm in a nutrient solution 2 X 10“® 
molar for phosphate, radiation injury did not affect the amount of phosphorus 
absorbed during the growth period. In every case, the phosphate supply had 
been nearly exhausted by the plants during each of the 48-hour periods (table 
3). This was true for all treatments. The plants gro^vn on the 64-microcuiie per 
liter treatmenti, and which had shown severe damage for a week or more prior 
to harvest, absorbed just as much phosphate during each of the 48-hour periods 
as did the undamaged plants from the least severe treatments. 

Also, the phosphate content of the plants gi*o\vn in the nutrient solutions 
containing 1 X moles of phosphate per liter was not affected by the P®® 
concentrations of the solutions. Table 4 shows that there was no difference in 
total phosphat/O content of cither the tops of the roots or the plants, regardless 
of the level of the nutrient solutions used. In none of these experiments in 
which plantiS were grown in nutrient solutions has there been any indication 
that radiat»ion damage has interfered with phosphate utilization by the plant. 
Some preliminary studios with plants giuwn in giuenhousc pots have indicated 
that under cert.ain conditions the specific activity of a fertilizer may affect the 
utilization of the fertilizer phosphate. The data are contradictory and are not 
roport.ed here, but they do not support the simple explanation offered by Rus¬ 
sell and Maii»in, that radiation damage to roots may temporarily depress 
phosphate absorption from the fertilizer zone and that the absorption rate 
IVom this region may then be raised above normal when the roots recover as 
the decays. 

Th(‘ r(\sult.s rc'ported here (HITcm* from those reported by the previous workers 
in one other import-aiit resjiect. In all of these experiments the shoots were 
injurcKl mor(' s(we]*ely than th(' root,s. Furthennore, the injury developed much 
more slowly than in the expc'rimeuts of Russell and Martin. In no case did a 
difference in dry weight, of roots as large as -tO per cent appear in fi days, even 
when the specific aci.ivit.y of the nutrient solution used was five to ten times 
that employed l)y those workers. In that length of time, the highest vspecific 
activities em]fioyed (‘aused barely detectable damage to the roots and only 
slightly more damage to the tops. 

No simple explanation can l)e offered for the differences between the two 
sets of experiments. It is likely that the environmental conditions wore some¬ 
what different in the two (‘ases. Bince there is some evidence that one step in the 
mechanism of radiation injury has a largo temperature (‘oefficient (3), plants 
grown under dilTerenl environments may react differently to radiation. 
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The lowest level at which radiation damage has been shown corresponds to 
a specific activity of the nutrient solution of 5.6 millicuries per gram of P 2 O 6 . 
This appears to be safely above the level of specific activity of t.he radioactive 
feiiilizer phosphates produced by the Bureau of Plant Industiy, Soils, and 
Agricultural Mngineoring for distribution to the Blat.e experiment stations (usu¬ 
ally 0.2 millicurie per gram P 2 () 6 ). However, 5.() millicuries per gram of P 2()6 
is not higher than might sometimes be used in nutrient, culture work. In addition, 
work with other plants, or with barley under conditions different from those 
employed in these studies, may load to finding radiation injury at lower specific 
actiivity levels. It must also be remembered that these experiments were of 
short duration. Plants grown on radioactive solutions for longer periods might 
well be damaged at lower specific activities. 

Results from studies with P^^ are not necessarily transferable to problems 
involving other isotopes, since the half-life, uptake, and distribution of the 
isotope within the plant, and the kind and energy of the radiation emitted, are 
all factors which will affect the amount of injury inflicted. It behooves any 
investigator who is using radioactive materials in experimental work with 
plants to recognize that radiation injury may possibly invalidate his results. 


SUMMARY 

Experiment/S are described in which yoimg barley plants wore grown in nutri¬ 
ent solutions containing various amounts of P*^^ The lengths of leaves and the 
dry weights of tops and root.H were used as the criteria of injury caused by the 
radioactive material. Meristematic regions of the plants wore examined histo¬ 
logically, and photomicrographs of normal and of injured root tips and apical 
buds are shown. 

It was found that damage to the tops was more severe than damage to the 
roots, and that the injury was due primarily to radiation from the P®‘-* accumu¬ 
lated* within the plant, the P®® which remained in the nutrient solution having 
relatively little elTcct. ^rherc was no evidence, of damage to cells other than 
those \^hich were in zones of H<‘tive division. Absorption of phosphate from 
solution was not afroct.ecl by radiation injury. 

The lowest level at whi(*h damage was produced under the expcu-imental con¬ 
ditions emplcryed c^orresponds to 5.6 millicuries P®^ per gram of 
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PRESSURE-CONTROL UNIT FOR USE WITH THE PRESSURE-PLATE 
APPARATUS FOR MEASURING MOISTURE SORPTION AND 
TRANSMISSION BY SOILS^ 

L. V. WILCOX 
U. 8. Department of Agriculture 
Reeeivad for publication May 1,1S50 

The pressuie-plate apparatus as described by Ridbards and Fireman^ has 
proved to be a very useful piece of equipment for studying moisture letraition 
in soils in the range of 0-2000 cm. of water tension. Successful operation of the 
apparatus depends largely on the pressure-control unit. This unit must hold 
the pressure for long periods at any point in Ihe range 0-2000 cm. water with 
no more than a few millimeters* variation. The pressure-control unit de¬ 
scribed by Richards and Fireman is a water tower mounted in a weU. below the 
level of the laboratory bench. Subsequently, Richards' described a mercury 
tower for pressure control which he* later modified by eliminating the porous 
disc that supports the mercury. This unit functions well, althou^ there is a 
slight pulsation in the pressure; also, some mi^t object, from a health stand¬ 
point, to Imving mercury eiqposed in the laboratory. 

The pressure-control unit here described was constructed in 1947, prior to 
the development of the mercury-column controls. It has been much used, and 
the performance has been entirely satisfactory. In setting up the pressure- 
plate apparatus in the Rubidoux Laboratory, a weU was not available. It was 
necessary, therefore, to mount the water towers above the bench level. Some 
difficulty was encountered, at first, with water syphoning back from the towers 
into the pressure-plate apparatus, but this was corrected with suitable traps. 
This paper presents a diagram and description of the unit. 

MA.TEBIALS 

Figure 1 is a schematic diagram (not to scale) of the pressure-control unit. 

Table 1 lists the parts and shows the dimensions. 

DETAILS OP CONSTEUenON 

Glass towers,* parts 3 and 4, are closed by rubber stoppers. These are held 
in place by lon^bolts making an assembly similar to a water gage on a boiler. 

' Contribution from the U. S. Regional Salinity and Rubidoux Laboratories, IT. S. 
Department of Agriculture, Riverside, California, in cooperation with the eleven Western 
States and the Territory of Hawaii. Many helpful suggestions in connection with the 
construction of th^ apparatus Mvl in the preparation of the manuscript were made by L. A. 
Richards. These are gratefully acknowledged. Likewise, a word of appreciation is due 
Henry T. Stumpf, ii{ho assembled the unit. 

'Richards, L. A., and Fireman, M. Pressure-plate apparatus for measuring moisture 
sorption and transmission by soils. Soil Sei. 56:395-404.1943. 

* Riidiards, L. A. Porous plate apparatus for measuring moisture retention and trans- 
missipn in soil. Soil Sei. 66; 105-110.1948. 

'^l^chards, L. A. Methods of measuring soil moisture tension. Soil Sd. 68:95-112.1949. 
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The tees, parts 3A and 4A., are made of copper tubing. The outer shell is i inch 
m diameter; the tube that passes through and on into the tower is 4 inch in 
diameter and the side arm | inch. The top of the §-inch tubing is closed by 
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brazing it to the J-inch tubing. The lower end of the J-inch tube that extends 
nearly to the bottom of the glass tower is finished with a miter cut to facilitate 
bubbling. The trap, part 5, is fitted with a reducer at each end and proper fit¬ 
tings to connect at the bottom to J-inch copper tubing and at the top to |-inch. 
Trap, part 6, is of galvanized iron, 2 feet long and 2 inches in diameter. The top 

TABLE 1 


of pariSf with dimensions, for pressure-control unit 


PARI NUMBER 

NUMBER REQUIRED 

DESCRIPTION 

1 

1 

Valves, air, brass i". 

2 

1 

Valve, needle. 

3,4 

2 

Tubes, glass, Pyrex 24'*' long, V 0. D. 

3A, 4A 

2 

Tees, copper tubing, through member J'' O.D.; side 
arm J''; body 

3B, 3C, 4B, 4C 

4 

Valves, water, brass 

5 

1 

Trap, galvanized iron pipe, 12*' long, li*' I. D, suit¬ 
able reducers on each end. 

6 

1 

Trap, galvanized iron pipe, 24" long, 2" I.D. reducer 
at top; plate welded inside at bottom with center 
hole threaded for i" copper tubing fitting. 

6A 

1 

Tee, galvanized iron, 2" by 4" with fittings to connect 
i" copper tubing. 

7 

1 

Tower, galvanized iron pipe, 32' long; 2" I.D. 

8 

1 

Tower, galvanized iron pipe, 34' long; 2" I. D. 

7A, 7B, 8A, 8B 

4 

Valves, water, brass J". 

9 

1 

Manometer, water, glass, side arm 165 cm. long by 8 
mm. I. D. 

10 

1 

Manometer, mercury, Pyrex glass capillary, side arm 
165 cm. long by 1.5 mm. I. D. 

9A, 9B, lOA, lOB 

4 

Valves, air, brass needle 4", for use with 4" galvanized 
iron pipe. 

9C, IOC 

2 

Flexible rubber pressure hose connections, 2' long by 
i" I. D. 

11 

1 

Manifold, pressure-plate attachments, galvanized 
iron pipe diameter, 4' long, outlets spaced 8" 
apart. 

llA, IIB 

2 

Valves, air, brass, globe 4'^- 

lie lo 1111 

6 

Valves, air, brass, angle 1". 

Copper tubing, 4" diameter. 

12* 

100-150' 

12A* 

10' 

Copper tubing, J" diameter. 


*Not designated on figure 1. 


is connected to f-inch copper tubing by means of a reducer and the proper 
fittings. In the lower end of this trap, a circular plate is welded, closing the tube 
except for the central hole that is threaded for a f-inch copper tubing fitting. 
The lower end of the trap is threaded on the outside and screws into the tee, 
part 6A, 

Parts 9 and 10 arc manometers for measuring the pressure applied to the 
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pressure-plate units. Manometer 9 is for water and the indicating arm is 8 mm. 
inside diameter. Addition of a small quantity of methylene blue to the water 
in the manometer facilitates reading. Manometer 10 is for mercury, and the 
indicating arm is of Pyrex capillary tubing of 1.5-mm. bore. A meter stick, 
graduated in millimeters, on a slide that can be moved up and down, serves 
to measure the pressure on either manometer. The zero indicators on the meter 
stick should be corrected for the capillary rise, in the case of water, and depres¬ 
sion in the case of mercury. Valves 9A, 9B, lOA, and lOB permit the use of 
either or both manometers. 

Part 11 is the manifold to which the pressure-plate units are connected. 
Attachm^t to the pressure-plate units is made with short lengths of -j^inch 
copper tubing and the proper fittings. Valves 3B, 4B, 7A, and 8A are in the 
water-supply lines. Valves 3C, 4C, 7B, and 8B are connected to the drain. 
Copper tubing f inch in diameter is used for the air lines, except the through 
tubes of parts 3A and 4A, which are |-inch tubing. The manifold, part 11, and 
the connections to the manometers are of i-inch galvanized iron pipe. 

OPEBAMOIT 

To start the apparatus at the beginning of a run, close valves 11A to IIH. 
Empty towers 7 and 8. Attach the pressure-plate units, containing the moistened 
soil samples, to valves llC to IIH. Put the water manometer into operation 
by opening valves 9A and 9B and closing lOA and lOB and adjusting the zero 
indicator. Fill tower 3 about half full of water. This tower serves to saturate 
the incoming air with water and also acts as a bubble counter that is helpful in 
detecting leaks but is not a part of the pressure-control system. Admit air through 
valve 1 and adjust the flow with needle valve 2 to a brisk bubbling rate. 
Admit water slowly to glass tower 4 through valve 4B until manometer 9 shows 
the desired pressure, usually 25 cm. water for the initial equilibrium point of 
the run. Open valves llA and IIC to IIH. Readjust the flow of air with valve 
2, if too rapid, to a slow steady rate. About 150-200 bubbles per minute is 
optimum. 

After equilibrium is reached, the pressure is increased to the next higher 
point by admitting additional water to tower 7. For successive points, more 
water is admitted to tower 7, and tower 8 can be used for points above the 
range of tower 7 alone. For the pressures above 100 cm. water, the mercury 
manometer is used. 

To discontinue a run and shut down the apparatus, close valves llA and llC 
to llH and open IIB. Remove pressure-plate units, one at a time, first open¬ 
ing the corresponding valve and relieving the pressure in the unit. With the 
air still running, drain tower 8, then tower 7, in that order, and shut off air 
at valve 1. 



THE RATE OF ELONGATION OF SUNFLOWER PLANTS AND THE 
FREEZING POINT OF SOIL MOISTURE IN RELATION 
TO PERMANENT WILTi 

GEORGE Y. BLAIR, L. A. RICHARDS, AND R. B. CAMPBELL 
U. S. Department of Agriculture 
Received for publication Bfay 22, 1250 

The wilting percentage is often taken as the lower limit of soil moisture 
available for plant growth. Sunflower plants are commonly used for de¬ 
termination in accordance with the technic proposed by Briggs and Shantz 
(3) and more recently developed and described by Veihmeyer and Hendrick¬ 
son (13). 

Useful information relating soil moisture to plant growth may be obtained 
during wUting-point tests by measuring the rate of growth of the plant as the 
soil moisture content is reduced to the permanent wilting condition. From tbis 
type of measurement, Furr and Reeve (6) found that the rate of elongation of 
the central stem of the sunflower plant continuously decreases as the soil mois¬ 
ture is depleted from the moisture equivalent to the wilting percentage. They 
found that stem elongation ceased at approximately the soil moisture content 
they identified as the first permanent wilting percentage. The present paper 
reports similar measurements that have been made for a number of soils from 
Tulare County, California.^ 

Freezing-point measurements were made on cores of soil taken from the soil 
cans when the soil was deemed to be at the permanent wilting percentage (PWP ). 
In addition, moisture equivalent, f- and 15-atmosphere moisture retention 
values, and the electrical conductivity of the saturation extract were deter¬ 
mined. 

BXPBBIMEMTAL FBOCEntTBE 

The soils under test were of the Hesperia, Chino, and Foster series from the 
San Joaquin Valley in California. Soils were sampled at 1-foot intervals to 
depths of 8 and 10 feet. The samples were air-dried and passed through a 2-mm. 
round-hole sieve before being divided into 600-gm. portions for the wilting 
tests. The sunflowers were of the dwarf type from an inbred line.’ The seeds 
were sprouted between layers of moist cloth and were transplanted to the cans 
of soil when the radicle was approximately 1 cm. long. In aU but a few cases, 
the wilting-point values given are the averages of four replicates. 

I Coutribution from the U. S. Regional Salinity and Rubidoux Laboratories, U. S. 
Department of Agriculture, Riverside, California, in cooperation with the eleven Western 
States and the Territory of Hawtui. 

* These soil samples were collected by the U. S. Department of the Interior, Bureau 
of Reclamation, and sent to the Salinity and Rubidoux Laboratories for tests relating to 
the range and limits of available soil moisture. The field moisture determinations were 
made by the Bureau of Reclamation. 

* Obtained from G. 0. Baker, University of Idaho. 
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One-half gram of superphosphate was mixed with the soil in each can, and 
the water used for irrigation contained 2 me. per liter of KNOs. At times, later 
in the experiment, Oa(NO*)* and NH 4 NOj were substituted for part of the lOsTOj. 
Centrally punched lids and cotton plugs were used to close the tops of the cans to 
prevent vapor loss. The cotton plugs were installed at the time of the final 
irrigation. A humid chamber was used to check the plants for permanent wilt- 



Fia. 1. A- CEAMfQB IK Soil Moistubb Comavn akd in Sunflowbs Stbm Length 
WITH Time bob Hbspbbia Sandt Loub. B- Relation of i- Atuosfhbbb Pbbobntaob 
TO THB Moistubb Equivalent. C- Relation of the IS- Atuosfhbbb Pebcbntaob to the 
Pebuanent Wilting Pbbcbntagb. 

The 46° lines are drawn in for reference. 

ing. Plants were judged to be at permanent wilt if tliey failed to recover after 
a period, usually 18 hours, in the humid chamber. 

The gross wei^ts of the cans and the heights of the plants were measured 
at approximately the same hour each day after the final irrigation. Two soil 
cores, 5 cm. long and 1.9 cm. in diameter, were tak^ for freezing, a core-handling 
procedure and a freezing technic previously described (8, 9) being used. Sepa¬ 
rate subsamples of soil were used for the moisture equivalent and the i- and 
15-atmo^here percentage determinations according to the procedures given 
by Briggs and McLane (2) and Richards and Weaver (7). 
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EXPERIMENTAL RESULTS 

The change of soil moisture and of sunflower stem length with time is il¬ 
lustrated in figure lA for Hesperia sandy loam. The curves represent the averages 
for the replicates, and the numbers on the curves indicate, in feet, the depth 
interval for the samples. The curves terminate at the time when the plant was 
deemed to be at the permanent wilting percentage. It is seen that moisture 
extraction (transpiration) takes place at a gradually decreasing rate smd that 
stem elongation stopped some days in advance of attainment of the final mois¬ 
ture content. The curves showing change in stem length with time are essen- 



Fio. 2 Timb Rath op Eiokoation op Sunplowbe Stem in Relation to Pebcent- 
AOB op Available Water Remaining in Soil 

Each curve represents average data for four replicates The soil samples were collected 
from successive depth intei vals of 1 foot m the profile, and the numbers on the curves indi¬ 
cate the sample depth 

tially similar to the curves obtained by Wadlei^ and Gauch (15) for change in 
length of cotton leaves with time during an irrigation cycle. 

The explanation is somewhat uncertain for the downward curvature and 
point of inflection occurring in the moisture content curves during the first 
2 days. The plants sometimes showed wilting symptoms before irrigations 
prior to the final irrigation. Apparently, a day or two is required after a period 
of moisture stress for the young plants to re-attain maximum transpiration 
rates, as shown by soil moisture depletion rates in figure lA and maximum 
growth rates in figure 2. 

The curves in figure 2 show graphically the relation of the stem elongation 
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rate to the percentage of available water remaining in the soil. This moisture 
index was calculated from the relation _ PWP) gives the percent¬ 

age of available water remaining in the soil at the time when the moisture 
percentage of the soU is Pw. The field capacity values (FC) were obtained from 
field samples taken by the Bureau of Reclamation, U. S. Department of the 
Interior. Each curve represents the average for four replicates. The soil mois¬ 
ture value for each experimental point on the curves is the average value for 
the time interval between two weighings and is plotted against the aveiage 
stem elongation rate for the same interval. 


TABLE 1 


Data relofted to the condition of soil moisture at permanent witting of sunflowers 


ACG. KO. 

DXFXH 

tVfP 

TAP 

Ar. 

12.0S X Ar# 

op* 


fi. 

% 

% 

•c. 

<Ums, 

atmos. 

Hesperia sandy loam 

3310 

0-1 

4,0 

3.3 

mM 

21.4 

4.7 

3311 

1-2 

3.5 

2.8 


20.4 

4.8 

3312 

2-3 

3.7 

3.1 


20.7 

4.9 

3313 

3-4 

2.8 

2.3 

1.68 

20.2 

5.4 

3314 

4r-5 

3.4 

2.8 

1.42 

17.1 

5.7 

3315 

5-6 

3.6 

3.1 

1.43 

17.2 

4.1 

3316 

6-7 

3.1 

2.5 

1.44 

17.4 

5.7 

3317 

7-8 

2.2 

1.9 

1.39 

16.7 

7.2 

Hesperia loamy fine sand 

3318 

0-1 

5.3 

4.8 

1.24 

14.9 

5.2 

3319 

1-2 

7.6 

6.7 

1.24 

14.9 

3.6 

3320 

2-3 

7.6 

6.8 

1,24 

14.9 

3.0 

3321 

3-4 

8.3 

7.4 

0.83 

10.0 

3.1 

3322 

4-5 

8.4 

8.4 

1.07 

12.9 

3.1 

3323 

5-6 

8.9 

8.6 

1.20 

15.2 

3.4 

3324 

6-7 

8.6 

8.6 

1.52 

18.3 

3.3 

3325 

7-8 

8.0 

8.1 

1.43 

17.2 

3.8 

Chino fine sandy loam 

3326 


4.7 

3.7 


11,7 

5.4 

3327 

1-2 

3.2 

2.5 

1.27 

15.3 

5.2 

3328 

2-3 

3.1 

2,4 

1.24 

14.9 

4.9 

3329 

3-4 

2.7 

2.2 

1.57 

18.9 

6.8 

3330 

4-5 

2.6 

2.1 

1.52 

18.3 

6.6 

3331 

5-6 

2.6 

2.3 

1.54 

18.6 

7.1 

3332 

6-7 

2.0 

1.9 

1.58 


10.1 

3333 

7-8 

1.8 

1.6 

1.59 

19.2 

10.2 

3334 

8-9 

1.9 

1.5 

1.53 

18.4 

9.9 

3335 

9-10 

2.7 

2.3 

1.54 

18.6 

7.3 


* Estimated value of the osmotic pressure of the soil solution at permanent wilt. See 
text for method of calculation. 
































TABLE 1—con<'df. 


Datd feinted to the condition of soil moisture at permanent wilting of sunUowers 


ACC. NO. 

DEFCH 

PWP 

SkS 

ATi 

12.05 X Afo 

OP* 


A 

% 

% 

“C. 


aUnos , 


Hesperia sandy ham 


3336 


5.6 

4.7 

1.47 

17.7 

4.8 

3337 


5.2 

4.8 

1.68 

19.0 

4.7 

3338 


8.4 

8.8 

1.73 

20.8 

3.4 

3330 


6.6 

6.6 

1.75 

21.1 

3.6 

3340 

4-5 

5.2 

5.1 

1.76 

21.2 

4.8 

3341 


4.8 

4.8 

1.82 

21.9 

4.2 

3342 

6-7 

3.4 

3.0 

1.71 

20.6 

7.3 

3343 

7-8 

3.9 

3.4 

1.87 

22.5 

7.8 


Hesperia loamy fine sand 


3344 

0-1 

5.8 

5.4 

1.67 

20.1 

4.7 

3345 

1-2 

6.2 

6.8 

1.58 

19.0 

3.8 

3346 

2-3 

6.6 

6.6 

1.80 

21.7 

3.8 

3347 1 

3-4 

6.2 

5.8 

1.68 

19.0 

3.8 

3348 ! 

4-6 

6.2 

6.0 

1.69 

20.4 

4.2 

3349 

5-6 

6.5 

6.6 

1.68 

20.2 

4.0 

3350 1 

6-7 

5.9 

5.7 

1.74 

21.0 1 

4.1 

3351 

1 

7-8 

4.4 

4.0 

1.65 

19.9 

6.8 


Foster loam 


3352 

0-1 

i 7.8 

7.6 

1.35 

16.3 

4.0 

3353 

1-2 

6.1 

6.6 

1.57 

18.9 

4.1 

3354 

2-3 

5.1 

4.6 

j 1.84 

22.2 

4.9 

3355 

3-4 

4.8 

4.3 

1 1.86 

22.4 

6.1 

3356 

4-5 

4,1 

3.6 

1.84 

22.2 

5.8 

3357 

5-6 

5.2 

4.6 

1.59 

19.2 

5.4 

3358 

6-7 

5,8 

5.9 

1.50 

18.1 

5.0 

3359 

7-8 

6,8 

5.2 

1.42 

17.1 

4.4 

3360 

8-9 

5.1 

4.7 

1.59 

19.2 

4.3 

3361 

9-10 

4.7 

4.1 

1.21 

14.6 

5.3 

Average. 


5.0 

4.6 

1.63 

18.5 

5,2 


* Efitimatod value of the osmotic pressure of the soil solution at permanent wilt. See 
text for method of calculation. 


Furr and Reeve (C) found that the daily elongation rate of sunflower stems 
decreased approximately linearly'^th time as the soil moisture was depleted 
during a wilting test. Various factors influence the conventional wilting point 
test. Some of these are the rapid depletion of available water and the diurnal 
changes in elongation rate, which are due to uncontrolled, periodically varying 
environmental conditions. Because of this, it does not seem worthwhile to 
investigate mathematically the shape of the curves in figure 2. It is quite clear 
from the curves, however, that the eloxi^ation rate of sunflowers is markedly 
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decreased before half of the so-called available water is used and drops to zero 
before the permanent wilting percentage is attained. Curves substantially similar 
to those in figure 2 are obtained if the stem elongation rate is plotted against 
available water in the soil when the |-atmosphere percentage instead of field 
capacity is used as the 100 per cent point. 

The relation of the ^-atmosphere percentage to the moisture equivalent is 
shown graphically in figure IB. In accordance with the conclusion of Eichards 
and Weaver (7), these quantities are closely related, but neither is very use¬ 
fully related to field capacity for coarse textured soils such as are represented 
by these samples. 

The permanent wilting percentages for eadi soil profile are ^ven in table 1 
along with corresponding 15-atmosphere percentage values and observed freez¬ 
ing-point depression values. The average standard error among replicates for 
permanent wilting percentage values for all of the samples was 0.067 per cent. 
The relation of the permanent wilting percentage to the 15-atmosphere per¬ 
centage (MP) is shown graphically in figure 1C. This relation may be repre¬ 
sented by the linear equation: PWP = 0.66 -f 0.943 X PAP. PWP may be 
calculated from the equation with a standard error of estimate of 0.27 per cent 
and a standard error of the regression coefficient of 0.019 for this group of 52 
soils. 

Freezing-point measurements on soil moisture in the wilting range have been 
made by a number of investigators (1, 9, 10, 13, 13), and freezing-point de¬ 
pression values are reported to vary from 0.83 to 3.56®C. To approximate soil- 
moistuce-stress values for comparison with the 15-atmosphere determination, 
the observed freezing point depression values given in table 1 have been 
multiplied by 12.05*. 

In most cases, the ATo values given in table I represent the average for eight 
cores, two from each can, tahen at the termination of the wilting test. The 
sampling tube used caused a minimum of disturbance of the soil structure. 
The frequency distribution for the freezing measurements at wilting is indicated 
by the following arrangement of the data. 


mniBBR OF SAMPLES 

aT*# ratsos •C 

12.05 X Ar» ATMOS. 

% OF ALL SA&CPIXS 

3 

0.830-1.212 

10.0-14.6 

6 

11 

1.220-1.494 

14.7-18.0 

23 

34 

1.502-1.876 

18.1-22.6 

71 


The hyperbolic relation between Pw and AT# for any one soil is indicated by 
an examination of individual pairs of data. For the four replicates of each 


* Interpretation of freesing-point data in terms of free energy or soil moisture stress is 
complicated by the fact that a correction should be subtracted from the observed freezing- 
pdnt depression values ATo before standard formulas (5,11) for converting to free energy 
can be used. The procedure for evaluating this correction has not been clearly established 
Consequently, multiplying the observed freezing pennt depression by 12.06 gives only an 
approximate value for the equivalent stnl-mmsttiie stress. 
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samplB the highest moisture content at the permanent wilting condition usually 
corresponded to the lowest value for AJ'o. For example, the maximum and min¬ 
imum values of ATo and 12.05 ATo with individually corresponding values of 
PWP for Foster loam replicates are given in table 2. The average difference 
between maximum and minimum PWP values for the replicates of these samples 
was 0.13, and on the average this corresponded to a A To difference of 0.25°C., 
which corresponds to 3 atmospheres of equivalent soil-moisture stress. 

At the conclusion of the wilting tests, the oven-dried soil was examined for 
salinity and the osmotic pressure of the soil solution at the wilting percentage 
was estimated. The soils were made up to a saturated paste by stirring with 
water, and the saturation percentage (SP) and the electrical conductivity of 

TABLE 2 


High and low free-^ng-poinl depression values and corresponding permanent wilting 
percentage values for the Foster loam profile 


SOIL ACC. NUMBER 

LOW VALUE 

PWP 

HIGH VALUE 

PWP 

ATa 

12.05 ATo 

AT# 

12.05 ATa 


•c. 

Qltnos. 

% 

•c. 

atmos. 

% 

3352 

1,295 

15.6 

7.72 

1.448 

17.5 

7.67 

3353 

1,467 

17.7 

6.23 

1.653 

19.9 

6.16 

3354 

1.732 

20.9 


1.945 

23.4 


3355 


19.3 

4.96 

1.981 


4.66 

3350 


19.4 

4.26 


24.4 


3357 

1.518 

18.3 

5.11 

1.634 

19.7 


3358 

1.244 

15,0 

5.94 

1.722 


5.78 

3359 

1.286 

16.5 

5.90 

1.518 

18.3 

5.76 

3360 

1.461 

17.6 

5.09 

1.652 

19.9 

4.91 

3361 

1.125 

13.6 

5.04 

1.285 

15.5 

4.89 

Average . 

1.434 

17.3 

5.53 

1.687 

20.3 

5.40 

Difference between averaged values. 

0.253 

3.0 

0.13 


the saturation extract (BC, X 10.) were determined. Multiplying the latter 
by 8P/PWP approximates the conductivity of the soil solution at the wilting 
percentage and this in turn may be converted to osmotic pressure by use of the 
conversion formula OP •= 0.321 X (JEC, X 10®)* **® recently obteuned by Camp¬ 
bell, Richards, and Bower (4) for soil solutions. This calculation assumes the 
solubility and ionization of the soil salts to be independent of the soil moisture 
content. Oven-drying also appreciably alters the solubility of some soil con¬ 
stituents, but as these soils were nongsrpsiferous, the above procedure may 
give a reasonably reliable estimate of the osmotic procure of the soil solution 
at permanent wilt. The values thus obtained are hsted in the last column of 
table 1. 

Since the texture range represented by the samples is not large, it is of interest 
to consider average values for the columns in table 1. The 15-atmosphere per- 
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centage is 0.4 per cent lower than the permanent wilting percentage. It may be 
inferred from this that on the average the soil moisture tension at permanent 
wilting is less than 15 atmospheres. The average calculated soil-moisture stress 
minus the estimated osmotic pressure is seen to be 13.3 atmospheres. 

It was deemed advisable to test whether significant variability occurred be¬ 
tween the two soil cores subjected to freezing from the various containers of 
soil over and above any variance in freezing data induced by the specific nature 
of the soils themselves. To this end, the data were reduced with a segregation 
of error variances analogous to the procedure used for split-plot experiments. (15). 
The analysis given in table 3 shows that there was no significant difference 
between two values for the freezing-point depression of the cores taken from each 
soil container and that this comparison was completely independent of the 
nature of the soil samples studied. 


TABLE 3 

Analysis of variance of the freezing data 


SOURCE OF VARIATION 

SUMS OF SQUARES 

DEGREES OF FREEDOM 

VARIANCE 

Total. 

14.057,064 

319 

.044066 

Soils. 

10.396,166 

39 

.266642** 

Replicates. 

0.362,062 

3 

.120684 

Error 1. 

2.942,168 

117 

.026147 

FreeziBgs. 

0,003,342 

1 

.003342 

Freezing X Soils. 

0,069,913 

39 

.001793 

Error 2. 

0.284,433 

120 

.002370 


** Significant at the 1 per cent level. 


SUMMABT 

Permanent wilting percentage, moisture equivalent, 1/3-atmoi^heFe percent¬ 
age, and 15-atmosphere percentage values were measured on 52 soil samples 
representing six profiles of three soil series from the San Joaquin Valley, Cal¬ 
ifornia. The time rate of elongation of sunflower stems was measured in relation 
to soil-moisture depletion following the final irrigation, and the freezing-point 
depression was measured on soil cores at the permanent wilting percentage. 

The rate of moisture depletion (transpiration) decreased gradually as the 
condition of permanent wilt was approached. The time rate of stem elongation 
of sunflowers was markedly reduced brfore half of the available water was 
depleted. The rate of stem elongation dropped to zero during extraction of 
the last quarter of the available soil water and before attainment of the perma¬ 
nent wiltii^ percentage. 

The relation between the permanent wilting percentage (PWP) and the 
15-atmosphere percentage (FAP) for these soils was found to be PWP ,= 
0.66 + 0.943 X FAP. 

The average uncorrected freezing-point depression at wilting for this group 
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of 52 soil samples was 1.53®C. Freezing-point values ranged from 0.829 to 1.876, 
and 71 per cent of the values were in the range 1.494 to 1.876®C. 
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PHOSPHATES IN CALCAREOUS ARIZONA SOILS: 1. SOLUBILITIES 
OF NATIVE PHOSPHATES AND FIXATION OF 
ADDED PHOSPHATES 

W. H. FULLER and W. T. McGEORGE 
Arizona Agrietdtural Experiment Station 
B«eeived for publication April 17,1950 

Although calcareous Arizona soils contain an adequate supply of native 
phosphorus to produce crops for many centuries under the present cropping 
system, most soils show crop-yield response to phosphate fertilizer applications. 
The fact that the abundance of tibis nature resource has been known for many 
years, yet it stiU remains locked from the reach of the plant, is a to 

the soil investigator. Some of the factors contributing to tiie low “availability” 
of native phosphorus have been briefly explored, but for the most part, the mecha- 
nis ms responable for fixation in calcareous soils are not known. 

Native phosphates in irrigated Arizona soUb are characteristically more readily 
soluble in weak or dilute acids and neutral salt solutions ^^bn.n are phosphates of 
acid soils (10). Indeed, these solutions make such large quantifies of phosphorus 
soluble they aro of little value for use in a method d^gned to predict availa¬ 
bility to plants. Carbonic acid, formed by bubbling CO* into water, has been 
used with considerable success, however, for determining “availability” of 
phosphates in soils (9, 11). The very mild acid reaction is thou^t to be similar 
to that surrounding tke plant root. Some investigators assert that the “availa¬ 
bility” of phosphorus of calcareous soils can best the evaluated by extraction 
with water (1, 2). 

A certain amoimt of phosphorus added to calcareous Arizona soils becomes 
unavailable to plants and is referred to as “fixed.” Soluble phosphorus may be 
fixed in organic as well as inoiganic forms. Inorganic fixation may be due to 
absorption reactions or precipitation. In Arizona soils, calcium is considered to 
unite with soluble phosphorus to form phosphates of varying degree of solubility 
(10,11). The more insoluble phosphates appear to possess characteristics similar 
to carbonatoapatite (8,9). For the most part, the solubility of phosphorus added 
to calcareous soils has not been clearly characterized. Such a characterization is 
essential as a basis for determining a long-time fertilizer program. 

Soluble soil phosphcffus also may bo fixed by the soil microflora in the form of 
microbial tissues and products, the availability of which is probably very low. 
Since it is established that all microbial cells need phosphorus for their per- 
tistence, the quantity fixed in the soil in organic form is related to the number, 
kind, and activity of the microorganisms. The extent of microbial fixation and 
mineralization is expected to vary with different soil types and is determined by 
the circumstances under which the soils exist. Incubation of soils in absence of a 
readily available energy source may not be expected to affect the phosphorus 
status of the soil to an appreciable extent as shown by investigations with cal¬ 
careous strils of Idaho (8) and Washington (13). The extent of fixation by micro- 
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organisms in soils in presence of available energy sources is not well known. 
Moreover, the rate of mineralization or liberation of biologically fixed phosphorus 
for plant use has not been clearly shown. 

The objectives of the investigation reported here are to determine, first, the 
relation^p between the availability of native phosphates to plants and the 
solubility of the phsophates in COs-charged water and in water alone, a rela¬ 
tionship, knowledge of which appears to be particularly desirable because field 
data indicate that the amount of phosphorus available under wet conditions may 
be quite different from that imder drier circumstances; second, the extent to 
which soluble phosphorus added to calcareous Arizona soils is fixed or absorbed 
as measured by its susceptibility to extraction with water and COs-charged water; 
and third, fixation and mineralization of soluble phosphorus in soil solution in 
presence of available carbon. 

MATBBIALS AND METHODS 

The source of soils used in this and following investigations are shown in table 
1. Representative samples were taken from three agricultural valleys: Salt 
River, Safford, and Santa Cruz. Most of the soils were planted to alfalfa at the 
time of collection. Only a few showed no response in the field to phosphate 
fertilization. 

Total extractable, inorganic, and organic phosphorus in the soils was deter¬ 
mined according to the procedure outlined by Pearson (12). 

Inorganic phosphorus of water and of CO* extracts was determined by the 
colorimetric procedure of Dickman and Bray (4) with an Evelyn photoelectric 
colorimeter fitted with filter 660. 

Carbon dioxide extractions were made by the method of McGeorge (10). 

Carbonates were determined with the Emerson (6, pp. 110-112) method and 
apparatus. 

“Active” calcium was determined by the method of Drouineau (5); and 
total caJciiun, by Chapman’s method (3). 

Phosphorus oi plants was determined in nitric acid solution according to the 
vanadate method (7), after ignition in a furnace at 500“C. 

Saturated soil pastes were prepared according to the procedure suggested by 
the IT. S. Regional Salinity Laboratory.* 

Absorption of soluble phosphorus by calcareous soils was studied by adding 
phosphorus as KHsP 04 in solution to four soils at the rate of 100 and 250 pounds 
PjOs per acre (6-inch layer) and allowing these to stand 48 hours before extrac¬ 
tion with CO 2 and 1:5 water. The phosphate solution was sufficient to bring the 
soil moisture to saturation. The soils were divided into two groups. One set was 
allowed to air-dry 48 hours before extraction, and the other set was extracted 
wet after standing for a similar time. Some of the mositure was allowed to escape 
from the wet sample to avoid anaerobic conditions. To allow the phosphate to 

* Richard, L. A. 1947 Diagnosis and impiovement of saline and alkali soils. Mimeo. 
Handb., Riverside, Calif. 
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approach equilibiiuza, the water was kept in contact with the soil for 2 hours 
before filtration. Longer periods of contact failed to put significantly more 
phosphorus into solution. Soils 4a and 7a are low in phosphorus whereas soils 6 , 
14, and 16a are well supplied with extractable phosphorus. 


TABLE 1 

Source of toil samples 


SOIL 

NUICBXK 

SOIL TYPE 

DEPTH 

CROP 

LOCATION 

RANCH 

la 

Mohave sandy loam 

inches 
[ 0-6 

Alfalfa 

Salt River Valley 

Bartlet—Heard 

lb 

\l0-16 

Alfalfa 

Salt River Valley 

Bartlet—^Heard 

2 

Mohave loam 

0-6 

Alfalfa 

Salt River Valley 

Freestone, Blain 

3a 

Mohave clay loam 

0-^ 

Alfalfa 

Salt River Valley 

Goodyear farm 

3b 

\lfr-16 

Alfalfa 

Salt River Valley 

Goodyear farm 

4a 


(M 

Alfalfa 

Salt River Valley 

Bums, N. R. 

4b 


10-16 

Alfalfa 

Salt River Valley 

Burns, N. R. 

5a 


0-6 

Alfalfa 

Salt River Valley 

Fenneley Ranch 

6b 

McClellan loam 

10-16 

Alfalfa 

Salt River Valley 

Fenneley Ranch 

6 


0-6 

Alfalfa 

Salt River Valley 

Cowden, Ray 

7a 


0-6 

Alfalfa 

Salt River Valley 

Tatum, George 

7b 


10-16 

Alfalfa 

Salt River Valley 

Tatum, George 

8 

McClellan silty clay 

0-0 j 

Barley 

Salt River Valley 

Harri, Chris 

9 

loam 

Laveen clay loam 

j 

f 0-6 

Fallow 

Salt River Valley 

U. of A. Mesa Farm 

10 

\ 0-0 

Virgin 

Salt River Valley 

U. of A. Mesa Farm 

11 


' 0-0 

Alfalfa 

Salt River Valley 

Painter, John 

12a 

Sunrise clay loam 

0-6 

Alfalfa 

Salt River Valley 

Price, Arthur 

Price, Arthur 

12b 


10-16 

Alfalfa 

Salt River Valley 

13 

Pima silt loam 

0-6 

Virgin 

Salt River Valley 

Indian Reservation 

14 

Pima clay loam 

0-0 

Alfalfa 

Safford Valley 

Marshall—Pima 

15 

Cajon sandy loam 

0-6 

Virgin 

Safford Valley 

U. of A. Farm—Safford 

16a 

Pima clay loam 

/ 0-0 

Virgin 

Santa Cruz Valley 

Rogers—Tucson 

16b 

16-12 

Virgin 

Santa Cruz Valley 

Rogers—Tucson 

17 

Gila loam 

0-0 

Alfalfa 

Santa Cruz Valley 

U. of A. Farm—Tucson 

18 

Gila silty clay 

0-6 

Alfalfa 

Santa Cruz Valley 

U. of A. Farm—Tucson 

J9 

Gila clay 

0-6 

Alfalfa 

Santa Cruz Valley 

U. of A. Farm—Tucson 

20 

Gila silt loam 

0-6 

Alfalfa 

Santa Cruz Valley 

,U. of A. Farm—Tucson 


BESUntS 

The total acid- and alkali-soluble phosphorus shown in table 2 represaits the 
{unount extracted by repeated treatment with warm N HCl solution followed by 
hot 0.5 N NH 4 OH solution according to Pearson (12). Such treatment probably 
does not remove all the phosphorus from the soil minerals. The amount removed, 
more tban 80 per cent of the total, nevertheless represents that portion of the 
pho^horus that would be of potential vdue to crops either in the near or distant 
future. 

The data in table 2 show that surface soils are higher in total extractable, CO* 
soluble, and water-soluble phosphorus than are subsurface soils. The greatest 
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amount of phosphorus was found in the CO 2 extracts and the least in the satu¬ 
rated paste extracts. Those soils having the greatest amount of CO» soluble 
phosphorus also had the greatest amount of water-soluble phosphorus. Only soils 
with 7 or more ppm. inorganic PO* in the CO 2 extracts were found to have in¬ 
organic phosphorus in the saturated paste and 1:2 water extracts. The history 


TABLE 2 

Carbonic add and voater-colvble phosphates of some Arizona soils 
Expressed as ppm. soil 


SOIL 

NUUBKR 

TOTAL 
ACXD- AMD 
ALKALI- 
SOLX7BLX 
FHOSSHOSD6 

COs-SOLXTBLE POi 

1:2 SOIL- 
WATXK- 
EXTBACTXD 
POl,XONXTED 

8ATXTSATSD- 

PASTX- 

EXXSACTED 

P04,I0OTTSD 

CASBOMATS 

CaXlO* 

"active" 

CaX10» 

pH OF SOIL 
PASTS 

Not 

igsited 

Ignited 




Surface soils. 

(h6 inches 




la 

459 

1.90 

3.86 

0.74 

0.41 

10.7 

4.4 

8.20 

2 

331 

0.98 

2.14 

0.77 

0.33 

9.0 

4.6 

8.50 

8a 

732 

2.30 

8.46 

— 

0.41 

9.7 

6.5 

8.10 

4a 

416 

1.16 

4.29 

0.72 

0.61 

44.7 

10.6 

8.05 

5a 

300 

1.16 

2.08 

0.43 

0.16 

Trace 

4.4 

8.00 

6 

602 

19.67 

21.33 

2.13 

0.84 

58.0 

15.5 

8.00 

7a 

527 

6.13 

9.20 

0.51 

0.43 

49.6 

9.9 

8.20 

8 

690 

3.00 

3.80 

0.61 

0.33 

27.9 

7.7 

8.30 

9 

896 

22.98 

26.80 

— 

1.77 

83.8 

12.9 

8.26 

10 

760 

9.20 

15.02 

— 

0.67 

77.8 

17.3 

7.65 

11 

523 

3.24 

5.52 

0.60 

0.31 

95.4 

32.3 

8.56 

12a 

846 

1.75 

7.35 

0.54 

0.54 

104.7 

25.2 

8.40 

13 

1255 

8.83 

10.90 

0.20 

0.11 

73.1 

15.3 

7,90 

14 

780 

7.48 

9.14 

1.87 

0.90 

— 


8.05 

15 

500 

14.70 

18,39 

1.84 

0.34 

16.3 

5.9 

8.05 

16a 

1480 

39.80 

47.00 

— 

— 

1.6 

6.9 

8.10 

18 

760 

3.48 

10.66 

0.95 

0.60 

24.5 

12.3 

8.35 

10 

858 

16.48 

24.52 

0.34 

0.37 

41.1 

16.2 

8.55 

20 

650 

4.60 

8.15 

0.42 

Nil 

— 

— 

8.20 




STjbsurfaco soils, l(hl6 inches 



3b 

524 

1,53 

2.45 

0.34 

0.23 

11.8 

5.5 

8.00 

4b 

349 

0.86 

1.16 

0.68 

0.23 

45.0 

10.9 

8.10 

5b 

187 

0.86 

1.53 

0.53 

0.19 

1.1 

4.1 

7.60 

7b 

357 

2.15 

4.90 

0.24 

0.16 

88.6 

18.0 

8.15 

12b 

697 

1.10 

4.7S 

0.51 

0.51 

124.9 

28.4 

8.20 


of samples 6,9, and 19 shows that phosphate fertilizers had been added to these 
soils at one time. This is responsible for their favorable supply of water-soluble 
phosphorus. The other soil samples, 13,14, 15, and 16a, that appear to have an 
adequate supply of phosphorus, are either virgin or have been brought under 
cultivation only very recently. Ignited extracts wero higher in phosphates than 
extracts not ignited, indicating the presence of water-soluble organic phosphorus. 
The quantity of this was considerable. In fact, water-soluble oiganic phosphorus 
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was the only source of this element found in water extracts from soils low in 
phosphorus. 


Calcium is considered to be one of the most likdy factors controlling the 
availability of phosphorus to plants in irrigated Arizona soils. For thin reason 
the calcium-phosphorus relationships of some soils were studied to determine the 
influence of the presence of soil calcium on phosphorus solubility. “Active” 
calcium as distinguished from total carbonate calcium in this investigation 
represents the amount of soil calcium that reacts with 0.2 N ammonium oxalate. 
The degree of fineness and other physical properties of the carbonates are be¬ 
lieved to control the amount of “active” calcium and consequently may have a 
closer relationship to the “availability” or solubility of soil phosphorus than the 
total amount. Data in table 2 showing the calcium content of some Arizona sur¬ 
face or subsurface soils fail to indicate that high values of C 02 - 3 oluble phosphate 


TABLE 3 

CaJet um-phosphorus telationthips in virqin Pima clay loam (,16a) at oarioua depths 


DEPTH 

TOTAL P 

COs-SOLtJ- 
BLE P 

**active” 

Ca 

CABBOKATS 

Ca 

“active” 

Ca/COi- 

SOLTTBLE P 

X 100 

CABBONATE 
Ca/TOTAL P 

tnthei 

ppm 

ppm 

ppm. 

ppm 



(hli 

1500 

16.25 

5,200 

400 

3.2 

0.27 

lJ-3 

1408 

19.90 

6,400 

1,100 

3.2 

0.78 

3-6 

1512 

17.50 

8,600 

2,100 

4.9 

1.39 

6-12 

1156 

3 50 

13,800 

29,900 ! 

39.4 

25.86 

12 20 

1060 

1.56 

14,800 

41,100 

94.9 

38.77 


are necessarily correlated with low values of carbonate calcium or “active” 
calcium. Fiirthcrmorc, a low ratio of “active” calcium to carbonate calcium was 
not always associated with high solubility of phosphorus though the ratio 
ranged from 0 to 6.8. 

On the other hand, a relationship between calcium and phosphorus was ap¬ 
parent within a single soil profile. A lower solubility of phosphates in subsoil 
hamplcH as <*ompanj<l to surface samples of a given soil was associated with a 
larger (juantity of both “active” and carbonate calcium. This same relationship 
is also clearly demonstrated in virgin Pima clay loam at several depths (table 3). 
The “active” calcium to carbonate calcium increased with depth, whereas the 
CO*-»oluble phosphonis decreased. The significance of this relationship is difficult 
to ascertain in view of the variable results between comparable horizons of 
different soils. 


Solubility of phosphates 

A comprehensible study on the water solubility of phosphorus at different 
soil-water ratios was thought to be desirable to learn more about the water- 
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soluble characteristics of native phosphorus and to determine the relationship 
between solubility in water and availability to plants. The influence of water 
dilution on ph$ophorus solubility of calcareous soils that respond but little to 
phosphorus applications is typified by the data in figure 1. Increasing sunounts of 
phosphorus were released as the ratio was raised from 1:1 to 1:20. The virgin 
Pima clay loam, soil 16, released more than 20 times as much phosphorus at a 
1:20 ratio as at the narrower ratio of 1:1. The solubility of the organic phos- 



FiG. 1. SOLOBILITT OF PhOSFBOKUS IN AOUDOtrS EXTRACTS OF VIRGIN PiMA CUT LOAU AT 
Different Ratios of Son. to Water 

phosur, ^own by the difference between the inorganic and total extractable 
pho^horus, also increased somewhat at the higher dilutions. 

The influence of water dilution on the solubility of the phosphates of calcareous 
seals la and 7a, low in “available” phosphorus, is shown in figure 2. Unlike the 
sdOb better supplied with soluble phosphorus, these soils exhibited a maximum 
pho^horus solubility before a dilution of 1:20 was reached. Even the inorganic 
phosphorus of Mohave sandy loam approached a constant value at a ratio 
much below 1:20. This characteristic leveling off in solubility at the lower 
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dilutions appears to distinguish the phosphorus-poor from the phosphorus-rich 
soils. 

Plants in the field continually remove phosphorus from the soil solution. Thus 
the phosphorus-supplying power of a soil may be evaluated to a certain extent 
by the characteristic rate of replenishment of phosphorus to the soil solution. 
The ability of a soil to release phosphorus upon repeated extraction with water 
at a 1:5 ratio was studied by placing 100-gm. samples of soil in bottles with 500 
ml. of distilled water, shaking for 2 hours in and end-over-end mixer, and filtering 
immediately in a Buchner funnel with vacuum. Total phosphorus and inorganic 
phosphonis were determined on the clear filtrate. After the first extraction, one 
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Fki. 2 . Soi.nniiiiTy ov Phosphohits in Aquboith Extbac’^ph of Cultivated Moiiavb 
Sandy Loam and MK'i.bllan Loam at Diffjshknt Ratios of Soil to Water. 


flamplo wott kopi coniinuonsly during the iime of extraction, whereas a 
duplicate sample was allowed to air-dry completely between extractions. Since 
exporimente of this natures arc possible only with soils having fair amounts of 
phosphorus, soils 14 and IGa wore sclecteih The rate of release is shown in table 4. 

There was very little difference in the quantity of phosphorus released as a 
result of the wetting and drying treatment as compared to keeping the soils wet 
continuously. Fixation as a result of drying did not appear as a factor in the 
quantity of phosphorus liberated. The continual release of phosphorus of non- 
fertilizod virgin and cultivai»ed Pima clay loam upon repeated extraction with 
water is a characteristic of the many calcareous soils examined in this investiga¬ 
tion. The rather constant pH value of the soil suspensions even after many ex¬ 
tractions was some assuranfjc that the hydrogen and hydroxyl conditions in the 
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final suspension were not obviously dissimilar from those of the first. Release of 
organic phosphorus followed the same trend as that of inorganic phosphorus. 
Perhaps the same factors influence the release of both forms of phosphates. 

TABLE 4 


Rate of release of phosphorus from Pima silty day loam upon repeated extractions with water 

at a 1:6 ratio 


NUMBER OF TIUES EXTRACTED 

ENOKGAmC PBOSPSORUS 

TOTAL PEOSPRORUS 

(ignited) 

pH OF EXTRACT 

Wet* 

Driedt 

Wet 

Dried 

Wet 

Dried 


ppm. 

ppm. 

ppm. 

ppm* 




Virgin soil 16a 


1 

7.6 

7.6 

8.7 

8.7 



2 

7.6 

6.7 

j 7.9 

7.3 

8.60 

8.50 

3 

6,1 

6.0 

6.4 

6.6 

8.50 

8.45 

4 

5.0 

4.7 

6.0 

5.6 

8.60 

8.60 

5 

3.0 

3.8 

3.0 

4.2 

8.65 

8.50 

6 

2.3 

3.2 

2.6 

3.9 

8.60 

8.40 

7 

1,9 

2.9 

2.8 

3.6 

8.60 

1 8.40 

8 

1.7 

1.9 

2.1 

1.8 

8.50 

8.40 

9 

1.6 

1.4 

1.9 

1.6 

8.60 

8.29 

10 

1.4 

1.4 

1.8 

1.6 

8.42 

8.25 

11 

1.0 

1.3 

l.l 

1.5 

8.10 

8.23 

Total. 

39.1 

40.9 

44.3 

46.3 




Cultivated soil 14 


1 

1.90 

1.90 



8.65 

8.65 

2 

1.68 

1.68 



8.60 

8.62 

3 

1,11 

1.20 

1.60 


8.50 

8.54 

4 

0.92 

0.91 

1.60 


8.60 

8.50 

5 

0,78 

0,78 

1.20 


8.45 

8.40 

6 

0.63 

0.73 

1.01 


8.45 

8,40 

7 

0.36 

0,36 

0.85 


8.30 

8.36 

8 

0.1S 

0.18 

0.75 


8.30 

8.30 

9 

0.10 

0.10 

0.50 


8.30 

8.25 

10 

Trace 

Trace 

0.25 


8.30 

8.25 

11 

Trace j 

Trace 

Trace 

1 

8.25 

8.25 

Total . 

7.66 

7.87 

11.75 





* Soil kept wet continuously during extraction time, 
t Soil air-dried overnight between extractions. 


Greenhouse studies 

To evaluate the soils more certainly as to their relative phosphate-supplying 
power, greenhouse studies were made and compared with solubility data of the 
laboratory. Fifteen soils were selected from those examined in the laboratory, 
weighed into pots at the rate of 1 kgm. per pot, treated, and seeded tobarley and to- 
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matoes. Sach of the following treatments was replicated three times for each plant; 
100 pounds nitrogen (ammonium nitrate) per acre; 100 pounds nitrogen plus 
100 pounds PsOs (superphosphate) per acre; 100 pounds nitrogen plus 260 
pounds P 2 OB (superphosphate) per acre. 

Vaughn barley was planted at therateof 50 seeds pdff pot and Marglobe tomatoes 
at 15. After the tomato plants were well started they were thinned to a constant 
number of 12 per pot. The barley was not thinned. The tops were harvested at 
the end of 6 weelm and dried at 60° C. to a constant weight. Phosphorus and 
calcium were determined on the dilute HNOa jBltrate of the ashed samplftB. 

TABLE 6 

Yield, phosphorus, and calcium content of barley tops* grown in the greenhouse on various 
calcareous soils treated with superphosphate at the rate of 0,100, and £S0 pounds P 1 O 5 

per acre 


soix. 

yixuD 

PBOspHoxus comzm 

CAIX3T7U CONTXMT 

XATIO 07 CAXaUU TO 
PHOSPHORUS 

OPsOi 


250 lb. 
PaOa 

0PaO« 

100 lb. 

PiOi 

2501b. 

PsOi 

OPiOc 

Hi 

2501b. 

PiOi 

OPlOi 


250 lb. 
FtOs 


gm- 

gm- 

snt* 

% 

% 

% 

% 

% 

% 




la 


4.87 


0.025 

0.062 


0.47 

0.55 


19 

9 

6 

lb 


3.63 

4.44 

0.031 

0.074 


0.79 

0.62 


26 

8 

7 

2 

3.69 



0.027 

0.069 


0.51 

0.46 

0.44 

19 

7 

5 

3a 

3.34 

3.55 

4.67 

0.031 

0.056 



0.59 

0.58 

22 

11 

7 

3b 

3.45 

3.96 

4.88 

0.026 

0.066 

0.092 

fSSM 

0.78 

0.64 

28 

12 

7 

4a 


4.74 

4.48 

mKm 

0,062 




0.53 

14 


6 

4b 

3.87 

4.45 

4.73 

0.019 

0.062 


0.69 

0.66 

mm 

36 

11 

7 

5a 

4.16 

MinfAm 

5.91 

0.038 

mmm 


0.45 

0.35 

0.36 

12 

6 

5 

6b 

4.17 

4.18 

4.75 

0.026 

0.049 

0.107 

0.52 

0.44 

0.47 

21 

9 

4 

6 

4.89 

4,62 

6,86 

0.079 

0.149 

wm 

0.52 

0.64 

0.65 

7 

4 

5 

7a 

3.03 

3.74 

3.93 

0.038 

0.079 

0.088 

0.85 

0.56 

0.62 

22 

7 

6 

7b 


3.28 

3.79 

0.017 

0.089 

0,118 

0.77 

0.78 

wm 

45 

9 

6 

11 

3.94 

4.81 

5.63 

0.024 

0.051 


0.56 

0.54 

0.53 

23 

11 

7 

12 

4,14 

6.37 

5.10 

0.027 

0.054 

1 0.081 

0.36 

0.39 

0.27 

13 

7 

4 

14 

4.70 

B 

6.13 

0.030 






13 

8 

6 


• Eiwh figure represents an average of two pots, dry-weight basis. 


Yield of barley and tomato plants. The weight of the tops of barley and tomato 
plants grown on the various soils is i^own in tables 5 and 6. The yidd response 
of barley to phosphate fertilizer additions was much less than that of tomatoes. 
Differences in yidd between the 0 and the 100-pound treatment for barley were 
dgniffcant only at the 5 per cent levd. The (Merences reached the 1 per cent 
levd at the hi^er rate of 250 pounds of PbOb per acre. Both phosphorus treat¬ 
ments produced significant differences in 3 ddd of tomato tops at the 1 per cent 
level. 

Yidd response of both barley and tomatoes on soil 6 to phosphate applications 
was not significant . According to laboratory tests, this soil was unquestionably 
wdl supplied with phosphorus soluble in both CO 2 and water. Soil 14, though 
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less well supplied with soluble phosphorus, had sufScient to be classed as only 
slightly deficient. Barley grown on this soil responded very little to phosphate 
treatment, though tomato yields were raised appreciably by both treatments. 
Yield responses to phosphate for soil 7, which had a moderate amount of soluble 
phosphorus, were not great. All other soils, according to laboratory solubility 
tests, were deficient in “available” phosphorus. The greenhouse studies support 
this finding. 

Phosphorus in plants. In all instances, the addition of phosphorus to the soil 
resulted in a highly significant increase in phosphorus content of the plant (tables 


TABLE 6 


Yield, phosphorus, and calcivm content of tomato tops* grown in the greenhouse on various 
ralcareous soils treated with superphosphate at the rate of 0, 100, and 6S0 pounds PjOt 

per acre 




VXCLD 


PHOSPHORUS CONTENT 

CALCIUM CONTENT 

RATIO or CALCIUM TO 
PHOSPHORUS 

SOIL 













OPiOs 

100 lb. 
PiOi 

250 lb 
P*Ob 

OPtOl 

100 lb. 
PjOi 

250 1b. 
PiO« 

OPiOi 

100 lb. 
PsOi 

250 lb. 
PiOt 

0P>O# 

100 lb. 
P*0. 

250 lb. 
PsOi 


gm. 

gm. 

gm 

% 

% 

i ^ 

% 

% 

% 




la 

0.54 

3.27 

3.44 

0.007 

0.048 

0.065 

3.95 

2.38 

2.35 

564 

50 

36 

1)> 

0.22 

1.82 

3.11 

0.009 

0.057 

0.077 

4.50 

3.46 

2.57 

500 

61 

33 

2 

1.42 

2.92 

3.53 

0.030 

0.059 

0.079 

3.72 

2.69 

2.58 

124 

46 

33 

3a 

0.37 

2.61 

3.24 

0.011 

0.041 

0.069 

4.23 

2.58 

2.71 

384 

63 

39 

31) 

0,27 

2.83 

2.95 

0.007 

0.039 

0.075 

4.23 

2.53 

2.79 

604 

65 

31 

4a 

0.70 

3.13 

2.79 

0.020 

0.056 

0.090 

4.20 

2.83 

3.09 

210 

52 

34 

4b 

0.44 

2.55 

2.89 

0.014 

0.049 

0.090 

4.68 

2.70 

3.48 

334 

1 76 

39 

5a 

1.27 

1.55 

2.75 

0.021 

0.084 

0.084 

2.84 

2.87 

2.41 

133 

34 

31 

5b 

0.67 

2.08 

2.29 

0.029 

0.053 

0.114 

3.31 

2.88 

3.21 

114 

54 

28 

G 

2.73 

2.66 

2.88 

0.116 

0.117 

0.091 

2.62 

2.57 

2.93 

23 

22 

32 

7a 

1.00 

2.15 

2.40 

0.026 

0.058 

0.098 

3.86 

2.29 

2.86 

148 

39 

29 

71) 

0.28 

1.83 

2.65 

0.007 

0.076i 

0.131 

3.73 

3.04 

2.98 

532 

41 

22 

11 

0.68 

2.49 

3.32 

0.018 

0.042 

0.061 

3.68 

3.16 

2.77 

204 

75 

45 

12 

0.74 

1.85 

2.46 

0.038 

0.072 

0.087 

3.46 

3.36 

3.00 

91 

47 

34 

U 

1.76 

2.91 

3.30 

0.048 

0.050 

0.070 

3.36 

2.87 

2.80 

70 

37 

39 


* lOaeh figure represents an average of 2 pots; dry-weight basis. 


5 and 6). Additions of phosphorus equivalent to 100 pounds of PtOt per acre 
caused an increase of about twofold in the phosphorus content of barley and 
tomato plants. Applications of 250 pounds also were acccompanied by distinctly 
higher amounts of phosphorus in the plants. The percentage of phosphorus in 
barley tops was very similar to that in tomato tops grown in the same soil. Those 
soils having the greatest amount of phosphorus soluble in both water and COa 
solution also had the hipest percentage phosphorus in the plant. This was 
evident for the fertilized as well as the unfertilized plots. 

CaUsivm corUent of plant. The data on calcium content of barley and tomato 
tops showed that a decrease in percentage calcium of the plant material, as a 
result of phosphorus applications, was significant at the 5 per cent level for 
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barley receiving 250 pounds of P 2 OB per acre and at the 1 per cent level for tomato 
tops receiving both the 100- and 250-pound rate. The lowest calcium content 
was found in samples taken from soils showing the least yidd response to phos¬ 
phorus. Tomato tops had roi^hly fivefold more calcium than barley tops. 
Whether the greater calcium uptahe of tomatoes is a factor in the greater demand 
of tomatoes for “available” phosphorus than of barley cannot be ascertained 
from this single experiment. The presence of more r^erve phosphorus in the 
barley seed, compared with that of the small tomato seed, must be taken into 
consideration, however. 

Cdtcium-p}u>sphorus ratios in plants. The ratio of calcium to phosphorus in the 
barley and tomato tops was calculated to examine more fully the apparmit 
relationship between these two dements and the response to phosphorus fertiliza¬ 
tion of soils. Data dxow that the ratios decreased with an increase in phosphorus 
applied and appeared to reach a rather constant value of about 6 and 24 at the 
250-pound rate for barley and tomatoes, respectivdy. The high values of caldum 
in tomatoes compared with barley are reflected in the ratios of phosphorus to 
calcium, which were strikingly higher for the latter. This hdd true at all levds 
of phosphate fertilization. The differences in ratios for the different soils tended 
to be reduced to a minimum with increasing amoimts of phosphorus added. 
Thus differences between the soils that require phosphorus and those that do not 
are characterized more distinctly by the ratios of the unfertilized soils. 

Phosphorus fixation studies 

Single extraction. Extraction with OOs-charged water removed more of the 
added phosphorus from soils than did water alone (table 7). About 10 to 12 per 
cent less was removed by the 1:5 water extraction than by the CO 2 extraction. 
Saturated-paste extracts were even lower in soluble phosphorus. Dried soils 
released less phosphorus to carbonic acid solution than wet soils. The reverse 
seemed to occur for soils extracted with water alone. 

The sdls showing the least available phosphorus had a tendency to retain the 
most added phosphorus. McClellan loam, soil 4a, for example, retained about 
90 per cent of that added at the 100-poimd rate and about 83 per cent of that 
added at the 250-pound rate against water extraction, whereas the good soil, 
Pima clay loam 14, retaiwKl about 76 and 70 per cent for the two levels of phos¬ 
phorus, respectivdy. 

M'ultiple extraction. The retention of soluble phosphorus added to soils against 
repeated extraction of water at a 1:5 ratio for two typical soils is diown 
graphically in figures 3 and 4. The continual rdease of phosphorus with repeated 
extraction is rather surprising. After seven or eight extractions, however, the 
removal of absorbed phosphorus becomes small. Rdative values of these data 
are more significant than absolute values, since the data used in plotting these 
figures were obtained by subtracting the amounts of phs<^horus found in the 
(attracts of the soils without phosphorous added from those to which 100 and 
250 pounds of PjO* were added. The untreated samples were subjected to the 
same extraction method as those treated with phosphate. Another noteworthy 
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feature of the extractions is that the soil low in available phosphorus, soil 4a, 
retained more absorbed or fixed phosphorus after 12 extractions than did soil 
14, better supplied with native available phosphorus. The amount held by the 
poor soil 4a, receiving 250 pounds of P 2 O 5 per acre, was about 95 pounds after 
12 extractions, and that the good soil 14 was 55 pounds. The amounts wore less 
than half this value for the soils treated with 100 pounds of PsOt per acre. 

TABLE 7 


Phosphorus content of COt- and saturated-paste extracts of soils treated with soluble phosphor us 
at the rate of 0,100, and SBO pounds of PtOt per acre 





paospnoxus contsnt* 

SOIL 

TRXATICBKT 

CO 2 

Extract 

1:5 Water 
Extract 

Saturated 

Paste 

Extract 




lb. 

lb. 

lb. 

4a. MoOlellan 

None 


2.4 

0 

0 

loam 

100 pounds P 2 O 6 ^ 

fWet 

iDried 

1 U.7 

1 10.9 

12.9 

10.8 

1.3 

1.4 


250 pounds PjOa < 

(Wet 

(Dried 

51.0 

46.0 

46.0 

39.1 

3.8 

3.8 


None 


9.2 

0 

0 


100 pounds PaO* j 

'Wet 

Dried 

39.1 

36.8 

18.4 

21.1 

1.7 

2.9 


260 pounds PaOi 

|Wet 

Dried 

116.2 

113.1 

71.7 

82.7 

7.9 

13.2 

14. Pima clay 

None 


11.1 

8.7 

0.6 

loam 

100 pounds P 2 O 5 1 

fWet 

iDried 

37.7 

36.9 

23.3 

26.0 

4.5 

1 

1 

260 pounds PaOs ^ 

1 Wet 

I^Dried 

103.4 

99.6 

76.7 

71.2 

7.8 

6. McClellan loam 

None 


14.7 

5.0 

1.3 


100 pounds PaOs 

Wet 

48.3 

19.9 

6.4 


250 pounds PaOs | 

(Wet 

[Dried 

143.5 

80.2 

82.0 

7.8 


• PjO( per acre. 


Additional information about the security with which phosphorus added to 
soils is held against extraction was obtained by putting the extensively water- 
extracted samples, as described in figures 8 and 4, into water at a ratio of 1:5, 
bubbling with CO 2 for 15 minutes, and detemunine the phosphonftin the clear 
filtrate. Carbonic acid removed no more phosphorus from these soils than from 
the same soils not treated with phosphorus (table 8 ). A certain amount of the 
added phosphorus was retained in the soil, unextractable or only slowly ex¬ 
tractable, according tothe data appearing in the last column of table 8 . 

To approach field conditions more closely, the rate of release of phosphorus 
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added to the same four soils used previously was studied on saturated-paste 
extracts. A total of 10 extractions were made on soil treated with 100 and 250 
pounds of P*Og per acre. The soils were allowed to become nearly dry after each 
extraction. Data in table 9 show that the amount of phosphorus in the tenth 
paste extract was not always less than that in the first. Furthermore, the greatest 
amount of phosphorus in solution appeared not always in the first extract but 
most frequently in the third. Pima clay loam soil 14 appears to be an exception. 
The higher concentration of salts in the saturated-paste extracts as compared 



2«4&k7S»IO 
NgMBCROFTIMtSeXTRAOTrO-l 5 SOIL WATER RATIO 


Fkj . 3. IIeubase op Paospnoaus Added to McCiELiiAN Loam as a Resoi/t op Successive 
Extbactions witb Water at a Ratio or 1:6 as Inpluencbd bt Wettimo and Detino. 

with more dilute extracts may bo responsible for phosphate suppression in the 
first extracts. 

Biologieal fixation. Six soils were selected and incubated with glucose and 
nitrate at a C/N ratio of about 12:1 and a concentration of 0.25 per cent carbon 
to demonstrate that, if phosphorus fixation is to be shown, a source of carbon 
must be available to provide enei^ for microbial activity during incubation. 
Soil in 100-gm. samples was suppli^ with the glucose-nitrate solution and in¬ 
cubated under optimum moisture conditions at room temperature for 7 days. 
A second sot of soils was incubated under similar conditions but without addi¬ 
tions of glucose or nitrate. A third set was treated with ^ucose and nitrate but 
spread to dry immediately. Drying was accomplished in a few hours. After 







Fig. 4. Keleasb of Phosphobus Added to Virgin Pima Clat Loam, Rich ik Available 
Phosphorus, as a Result op Successive Extractions with Water at a Ratio of 1:5 
AND AS Influenced by Wetting and Drying. 


TABLE 8 

Svaceptibility of phosphorus absorbed by four soils to extraction with carbonic add solution 


SOIL 

INITIAL TREATMENT, 
PtOs PSK ACRE 

TXMSS 
EXTRACTED 
WITH WATER 
AT 1:5 RATIO 

COa-SOLUBLX PHOSPHORUS 

PHOSPHORUS 
FIXED OR UN- 
EXTRACTABLE 

Before 

treatment 

After treat¬ 
ment and 
estractions 



tb. 


ppm. 

ppm. 

ppm. 

4a. McClclJan loam 

100 

Wet 

7 

0.38 


9.0 


100 

Dried 

7 

0.38 


9.9 


250 

Wot 

12 

0.38 




260 

Dried 

12 

0.38 


19.8 

7a. McClellan loam 

100 

Wet 

9 

2.00 

1.99 

6.8 


100 

Dried 

8 


1.81 

6.8 


250 

Wet 

12 



17.0 


250 

Dried 

12 


2.24 

10.0 

14. Pima clay loam 

100 

Wet 

6 

2.12 


5.3 


100 

Dried 

6 

2.12 

1.82 

5.0 


250 

Wet 

12 

2.12 


12.5 


250 

Dried 

13 

2.12 

1.86 

9.9 

6. McClellan loam 

100 

Wet 

11 

3.21 

1.21 

4.0 


250 

Dried 

12 

3.21 

1.27 

10.6 
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incubation or drying, the soils were extracted with 1:5 water and again supplied 
with glucose and nitrate as required. Only data on total water-soluble phosphorus 
are presented for the three soils low in phosphorus, la, 4a, and 7a, whereas 
water-soluble inorganic phosphorus figures are given for the soils adequately 

TABLE 9 

Jnfluence of repeated extraction on concentration of phoaphoritg found in saturated-paete 
extract of four soils treated with soluble phosphate at the rate of 0,100, SSO pounds per acre 
Gamma P extracted per 100 gm. soil 


NCrtCBBS OF 
extractions 

P IXTRACTEO 

P EXTRACTED 

OPaOl 

100 lb. PsO« 

250 lb. PaOs 

0PaO« 

100 lb. PaOi 

250 lb. PaOa 


4a McClellan ham (cultivated) 

6 McClellan loam {cultivated)- 
ignited 

1 

0 

28 

164 

14 

27 

84 

2 

0 

83 

167 

14 

30 

86 

3 

0 

46 


14 

25 

100 

A 

0 

43 

150 

14 

30 

119 

5 

0 

39 

163 

9 

29 

116 

6 

0 

43 

150 

9 

33 

91 

7 

0 

35 

123 

8 

30 

87 

8 

0 

26 

71 

8 

25 

85 

9 

0 

24 

71 

8 

24 

81 

10 

0 

24 


7 

81 

97 

Total .. 


341 

1309 

103 

284 

946 


14 Pima 

clay loam {cultivated) 

16a Pima 

silty clay loam {virgin) 

1 

12 

99 

171 

16 

61 

175 

2 

13 

61 

167 

16 

85 

226 

3 

12 

75 

167 

35 

221 

367 

A 

10 

iO 

150 

27 

173 

350 

5 

0 

52 

93 

26 

105 

325 

6 

9 

52 

109 

23 

112 

250 

7 

9 

45 

109 

26 

78 

229 

8 

9 

62 

98 

21 

73 

186 

9 

10 

67 

104 

28 

105 

178 

10 1 

« 1 

56 

103 

28 

105 

178 

Total .... 

101 

599 


■■ 

1118 

2464 


supplied with phosphorus, 6,14, and 16a. Data in table 10 show that the greatest 
amount of phosphorus extracted from phosphorus-poor soils came from those 
incubated with ^ucosc and nitrate. The influence of incubation without glucora 
and nitrogen treatment was nc^gible. The increase in water-soluble oiganic 
phosphorus of those soils is due to the demand of the microorganisms for phos¬ 
phorus, which resulted in ndeosc of insoluble mineral phosphorus and conversion 
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to the organic form. The decrease in the water-soluble inorganic phosphorus of 
the three phosphorus-high soils was caused by conversion of the inorganic 
phosphorus to the organic form. Thus incubation with glucose and nitrate caused 
a marked decrease in water-soluble inorganic phosphorus. 

The fixation of phosphorus in soil solutions by soil microoi^anisms may be 
readily demonstrated by extracting soils with water, adding a carbon source and 
incubating the resulting solution. Soil solutions were prepared by shaking 200 
gm. of soil with 500 ml. of distilled water in an end-over-end shaker for 1 hour 

TABLE 10 

Influence of incubating eix soile with additions of glucose and nitrate on quantity of phosphorus 

extracted by water at a ratio of 1 
Phosphorus expressed in ppm. soil 


wATEK-sotTmu oseAinc roosisoKus 


XXTfiACTXON 

Soil la Mohave sandy loam 

1 SoO 4a McClellan loam | 

Soil 7a McClellan Loam 


1* 

2t 

. 

3J 

1 

2 

3 

1 

2 

3 

1 

1.00 

1.00 

1.09 

0.72 

0.72 

0.70 

1.13 

1.13 


2 

0.50 

0.60 

0.88 

0.62 

0.50 

0.60 

0.40 

0.40 


3 

0.32 

0.30 

0.59 

Trace 

Trace 

0.33 

Trace 

Trace 

Mg 

4 

Trace 

Trace 

0.35 

Trace 

Trace 

Trace 

Trace 

Trace 

MH 

Total.. .. 

1.82 

1.80 

2.91 

1.24 

1.22 

1.73 

1.63 

1.63 

2.43 




WATBB-SOLX7BLB INOBGANIC PHOSFHOBGS 




Soil 6 McGdllan loam 

Sdl 14 Pima day loam 

Soil 16a Pima cUy loam 


1 

2 

3 

1 

2 

3 


2 

3 

1 

4.31 

4.31 

4.14 

3.67 

3.60 

2.36 

7.60 

7.60 

7.00 

2 

3.28 

3.60 

1.67 

2.96 

2.96 

2.20 

6.70 

0 60 

5.29 

3 

2.07 

2.10 

1.67 

2.13 

2.20 

1.33 

6.00 

6.16 

4.03 

4 

1.81 

1.73 

Trace 

1.60 

1.70 

1.21 

4.70 

4.80 

2.97 

Total. 

11.47 

11.44 

7.28 i 

10.16 

10.36 

7.10 

26.00 

26.16 

21.19 


I I 


* 1 no glucose or nitrate; incubated. 

12 >» glucose and nitrate; spread to dry. 
is glucose and nitrate; incubated. 

and filtering in a Biichner funnel with vacuum. One hundred ml.-portions of the 
clear filtrate were placed in a 500-ml. flask in duplicate and treated as follows: 
1. No treatment; 2. 20 gamma of P; 3. Glucose plus mtrate (12:1, rate of 0.25 
per cent carbon); 4. 20 gamma of P plus ^ucose and mtrate as above. 

The solutions were allowed to incubate 180 days at 30“ 0. Aliquots for phos¬ 
phorus were taken after 0, 2, 3, 4,14, 30, and 180 days of incubation. 

The influence of carbon and nitre^n on the quantity of inorganic phosphorus 
found in the 1:2.5 water extracts from four soils is shown in table 11. The presence 
of an available carbon source such as glucose caused an immediate immobiliza- 
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tion of inorganic phospliorus in all soil solutions. In absence of an available 
energy source, fixation by microorganisms is negligible; in fact, liberation of 
phosphorus from the organic form is indicated. McClellan loam, 4a, and Mohave 
sandy loam, la, roleasod no phosphorus to water extraction, whereas Cajon 
sandy loam, 15, and Pima clay loam, IGa, yielded fair amounts of water-soluble 

TABLW 11 


Injlmnci of odtied cn)bon and nitrogen on quantilg of inorganic phosphonis found in soil 
cxtiacU (1:2.6) incubated over a period of 6 months 
Phosphorus expressed in ppm. 


IRl AIMl N1 



TIME or INCUBATION 





2 days | 

3 days 

4 days 

14 days 

30 days 

180 days 



j 

}Hma clay loam 16a 




None 

8. IS 

3.34 

3.18 

3.30 

3.45 

3.55 

4.38 

P' 

5.50 

5.72 

5.72 

5.72 

5.98 

6.50 

6.50 


3.18 

0 

0 

0 

0 

0 

Trace 

P-PN-hC^ 

5.50 

Trace 

0 

0 

0 

0 

0.1 




McClellan loam 4-a 




None 

0 

0 

0 

0 

0 

0 

Trace 

P 

2.05 

2.60 

2.82 

2.75 

2.75 

— 

2.05 * 

N+V 

0 

0 

0 

0 

0 

0 

Trace 

P+N4-(^ 

3.30 

0 

0 

0 

0 

0 

Trace 



Mohave sandy loam la 




None 

0 

0 

0 

0 

0 

0 

Trace 

P 

3.30 

3.30 

2.70 

3.30 

3.30 

3.60 

3.55 

N+C’ 

0 

0 

0 

0 

0 

0 

0 

P+N 1 C 

3,30 

0 

0 


0 

0 

Tiace 



Vajon i 

uuidg loam- 

■silted phase 16 



Noim' 

l.SS 

1.02 


1.72 

1.88 

2.22 

3.46 

P 

1.00 

1.02 

1.02 

1.02 

4.20 

1.55 

1.75 

N 1 (’ 

l.SS 

0 

0 

0 

0 

0 

0.76 

P 1 N 1 

1.10 

0 

0 

0 

0 

0 

1.07 


* P 20 of phosphorus addc'd (o the P and P+N-f*trontmcMits per 101) ml of 

(*\t nud 

f N 4 = <*ail)on and nilroj;cn ndded in a ratio of 12.5:1 at the rate ol 0.25 per cent ear- 

l)OU. 

inoi-Riinic phosphoms. Fi}!,un‘ 5 shown Unit, 7 days after incubation, microbial 
ftrowih wan miicli }>,r(‘nl(‘r in nohitions supplied with g,lucoRe. According to the 
turbidity, which indicates the i)resence or activity of microorganisms, phos- 
idiorus alotK' p<'rinitt('<l only slightly more growth than solutions uithout treat¬ 
ment. This circumstance' varies with the amount of organic matter in the ex¬ 
tract. Only afti'r tl months of incubation did phosphorus begin to mineralize 
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The rather slow liberation of inorganic phosphoiiis from microbially bound 
form ^\^^s rather surprising. The data emphasize the dependency of soluble 
inorganic soil phosphorus on the carlxm cycle of the soil. 



Fl(. f). lNFL(Tl,N(h OK (\rR()N AND NiTROCtLN ON MiCROBIMj AcTlVtTY AND PlIOSPIIORlTS 

Fixation in Soil Extracts 

DISCUSSION 

Detailed greenhouse studies show that availability of soil phosphorus to 
plants in closely related to the amount of sohible phsophorus found in extracts 
of water and carbonic acid. Tlie importance of water in the role of pliosphorus 
availability in soils is emphasized by the finding that additional pliosphorus is 
released upon repeated (‘xtraction with water and that the greater the dilution 
of soil with water, the greater the solubility of phosphorus. The rather uniform 
decrease, to a minimum, in (quantity of soluble ])hosphoriis removed with suc¬ 
cessive extractions of water indicates that this small iiortion is wholly dilTerent 
from the larger wat(‘r-insoluble portion of phosphorus. That wetting and drying 
in these highly calcareous soils had but little in(luen(‘e on the rate or amount of 
water-soluble phosphoms extracted also supports this b(‘li(4. The gradual de- 
dine in amount relciised with each extraction also may be interpi’cted to mean 
that a single mechanism is involved in release of water-solubk^ pliosphorus. 
This has additional support in the fact that a portion of the organic phosphoius 
follows the same extraction characteristic as the inorganic. 

The data presented in this study show that there was little correlation between 
carbonate calcium and soluble phosphates in different surface soils. It may be 
assumed that the quantity of calcium in these soils is so great that quantitative 
analyses arc of no value but that the “activity”^ of the calcium as conli’ollcd by 
its physical and chemical form is of prime impedance. The attempt to determine 
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“active” calcium by use of ammonium oxalate solution was not wholly successful. 
An extensive study of the calcium-phosphorus relationi^ps of soil extracts is 
now underway and promises to prove enlightening. 

Not all the phosphorus added to calcareous Arizona soils is readily fixed in 
a wholly insoluble form. Single extractions with water or COj-water would lead 
ono to believe that a rather large amount of phosphorus added to calcareous 
soils is fixed or absorbed by the soil. Data obtained by extracting the soil with 
successive portions of water show, however, that only a wm«.n amount of added 
soluble phosphorus is fixed in an insoluble form. Only this small amount appears 
to have the characteristic of carbonato-apatite. The finding that added phos¬ 
phorus is released in considerable quantities even after many extractions and 
that a large amount is recovered in this manner supports the field observations 
that the effects of phosphorus fertilizers added to irrigated Arizona soils may 
influence crop production for many years after application. 

Fixation of phosphorus by microorganisms in an organic form was clearly 
shown to depend upon the presence of an available source of carbon. The extent 
of microbial fixation in soils undoubtedly varies considerably between different 
soils and with the same soil at different times of the year. Variation in the avail¬ 
able carbon may be partly responsible for the variations in available phosphorus 
often observed within the same field at different sampling periods. Betardation 
of growth in crops planted immediately after plowing imder of large amoimts 
of plant materials may be caused by microbiolo^cal fixation of phosphorus as 
well as nitre^en. Immobilization of available phosphorus by this means would 
be expected to be most serious in soils that are intensively fanned and in soil 
after plowing down of plant residues low in phosphorus. Such a circumstance 
is common to many irrigated soils in Arizona. Many farms raise two and three 
crops a year with no rest period to allow decomposition of plant residues. 

STfMMARy 

The water and carbonic-acid solubjia^^f native phosphorus of 20 calcareous 
Arizona soils was studied. The availability of the soil phosphorus to barley and 
tomatoes was compared to the solubility determinations made in the laboratory. 
There was a distinct relationship between the amount of water and carbonic- 
acid-solublo phosphorus and availability of the phosphorus of the soil to plants. 

Iligli carbonate calcium and “active” calcium wore corrolatod with low 
amounts of water and carbonic-acid-soluble phosphonis only at different depths 
within a ringlc soil. This relationship did not hold for different surface soils. 

The water-soluble phosphorus of soils was not removed completely by one 
extraction but continued to appear in diminishing amounts in successive ex¬ 
tracts. The ratio of water to soil influenced the amount of soluble phosphorus 
in the extracts. 

The extent of fixation or absorption of phosphorus added to some calcareous 
soils was investigated. Results indicate that only a small portim was securely 
fixed against extraction with water. Fixation by microorganisms depends upon 
the amount of available carbon present in the soil and the activity of the micro- 
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organisms under certain farming circumstances. In soils low in “available’’ 
phosphorus, this form of fixation is indicated to be serious in limiting crop 
production. 
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THE HYPOIODITE METHOD FOR STUDYING THE NATURE OF SOIL 
ORGANIC MATTER: I. PRINCIPLES, PRETREATMENT, AND CONDI¬ 
TIONS AFFECTING THE EXTENT OF REACTION^ 

C. D. MOODIE 

M'a»hin0on Agrieullural Experiment Stations 
Heceivcd for publication September 12, 1949 

Apart from the very general trends discernible in the data for proximate 
analysis and C/N ratios, little success has been achieved in the specific cor¬ 
relation of the chemical nature of soil organic matter with soil type or even 
groups (1, 28, 30), although there is evidence that soil organic matter does 
differ agnificantly in chemical nature from one soil t 3 T)e to another (7, 21, 29). 

The failure of quantitative methods based on solubility characteristics (prox¬ 
imate analysis) or total elemental content (C/N relation^ps) to detect real 
differences in the nature of soil organic matter points to the necessity for dis- 
tinguishu^ differences in quality as well as in quantity. One method that offers 
distinct possibilities of advancing our knowledge of soil organic matter is the 
hypoiodite method proposed by Norman and Peevy (16), in which a semispecific 
reagent for groups characteristic of lignin is employed. This method was modi¬ 
fied by Norman (17). NaOI is a ncdld oxidizing agent that reacts with phenolic 
nuclei throu^ the phenolic hydroxyl, with aldehydes, and to a limited extent 
with other groupings. 

This paper is chiefly concerned with a review of the principles and reactions 
involved in hs^poiodite oxidation, a critical evaluation of pretreatment, and 
results of a critical study of conditions affecting the extent of hypoiodite oxida¬ 
tion. 


UKACTIONS OF HTPOIO0ITB 

Although considerable information is available on hypohalites in general, 
there are relatively few data on hypoiodite. The active reagent, NaOI, exists 
only in alkaline aohition, and then only briefly, in contrast with the more stable 
NaOCl and NaOBr, which exist in acid as well as in alkaline solution. In this 
very instability lies the spe<*ial value of NaOI as a tool in organic matter re¬ 
search. When Ij and NaOIl arc mixed in the presence of organic matter 

h + 2NaOH = NaOI + NaH- 11*0 (f) 

tlie NaOI formed enters into two competitive reactions which proceed simul- 

‘ Published as Scientific Paper No. 864, Agricultural Experiment Stations, Institute of 
Agricultural Sciences, State College of Washington, Pullman. Taken from a thesis sub¬ 
mitted to the faculty of the State College of Washington in partial fulfillment of the re¬ 
quirements for the degree of doctor of philosophy. The writer wishes to express his appreci¬ 
ation to S. C. Vamlecaveye and If. W. Smith for the many helpful suggestions and criticisms 
tendered during the course of Ihis study and the preparation of the manuscript. 
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taneously: reaction with organic matter 

I 

_ -OH + NaOI = ^_>-OH + NaOH («) 

and with itself 

SNaOI = NalO, + 2NaI (S) 

As a result there is an abrupt ending to the reaction when the excess NaOI is 
converted to NalOj and Nal, which have a negligible oxidizing action at room 
temperature. The oxidation of organic smatter is not complete and is limited 
to readily oxidizable groupings because of the rapidity with which the reaction 
represented by equation (S) proceeds. Upon completion of the oxidation, the 
excess iodine, then in the form of NalOt and Nal, can be converted to It, and 
subsequently determined by titration with thiosulfate. Thus the measure of 
It consumed by the organic matter^ is the difference between the It added and 
that recovered. 

A survey of the reactions of NaOI with organic compounds reveals three 
principal courses by which It may be consiuned: (a) in the oxidation of aldehydes, 
(b) in the iodoform reaction, and (c) in substitution in phenolic compounds. 
It seems probable that the reaction of NaOI with phenolic compounds will 
account for the major part of the It consumed, since this reaction is rapid, the 
iodoform reaction is relatively dow, and aldehydes are probably not present 
naturally in appreciable quantity (16). 

Sodium hypoiodite has been used widely as a general reagent for aldehydic 
groups in various carbohydrates (5, pp. 895-901; 13; 19; 20). Although aldehydic 
groups are not thought to occur naturally in soil organic matter, their formation 
under the conditions of hypoiodite oxidation is not to be ruled out, since cleavage 
and other conversions of carbohydrates in alkaline solution lead to overoxidation 
and some formation of iodoform (18). The consumption of I« by carbohydrates 
will vary according to the conditions of oxidation. 

The iodoform reaction requires the presence of the aceto-group, CH»-C=0, 
joined to a H atom or a O atom which does not carry highly activated H atoms 
or groups capable of high steric hindrance (6). Any group capable of yieldiiDg the 
aceto-group will also give an iodoform reaction. The odor of iodoform is apparent 
from all NaOI-treated soils examined by the author. 

* Throughout this and the following paper, as well as those of Norman and his co-workers, 
the quantity of Ii reported is that amount measured by titration with thiosulfate, and not 
the amount consumed by the organic matter. The quantity of It actually consumed by the 
organic matter is half that found by titration with thiosulfate. This is because one mole of 
Nal is formed for each mole of NaOI (I) but only the NaOI is involved in the raction with 
organic matter. Upon acidification, only that amount of Nal is recovered which is equiva> 
lent to the excess of NaOI: for each mole of NaOI used in reaction with organic matter, a 
mole of Nal is effectively placed beyond recovery. Although this fact is essential to a full 
understanding of the chemistry of hypoiodite reactions, practically it may be ignored, since 
the values obtained are used only in the relative sense. 



THE HYPOIODITB METHOD 


463 


The substitution of Ij in phenols may be represented by equation (!B). The 
phenolic hydroxyl is the point of attack, the substitution being in the ortho and 
para positions. Polyhydric phenols may be oxidized as well as iodinated. The 
consumption of Is by phenolic compounds may proceed aloi^ one or both of 
two paths: substitution primarily in free ortho and para positions, with or 
without subsequent oxidation. The rate of substitution will be veiy rapid and 
the rate of oxidation comparatively slow (32). The amount of Is consumed, 
therefore, will depend upon the presence of the free hydroxyl group, the molecular 
configuration which will determine the number of free ortho and para positions, 
and the susceptibility of the whole molecule to oxidation. 

Althou^ NaOI is a mild oxidizing agent, the total reaction with organic 
matter cannot be considered one of oxidation. The iodoform reaction and the 
reaction with phenolic compounds are dominantly substitution reactions. Thus 
the noiain reaction appears to be with the phenolic substances of the soil, which 
in effect means with the lignin in the soil. Since the agencies and processes of 
decomposition should vary in nature and intensity with variations in soil¬ 
forming conditions, the residual oi^anic matter should also vsuy in composition 
and condition. If these changes involve the lignin molecule and more specifically 
its phenolic nature, the use of NaOI should refiect the chaises at least to the 
extent that reactive groupings are unaffected by combination with other organic 
or inorganic constituents of the soil. 

The level of use of I* depends primarily upon the amount and nature of 
oi^anic matter, since the reaction is confined to certain grouping. Since no 
means are available for quantitative determination of these groups, the amount 
of I 2 consumed per unit of carbon in the soil is the only means of expression that 
has analyiacal significance. The most suitable means of expression is in milli- 
equivalents of Is consmned per gram of carbon, which for convenience may be 
termed the “activity index.” 

AN EXAMINATION OF PRBTRBATMBNT 

Norman (17) has demonstrated that pretreatment with HCl-KI solution in¬ 
creases the consumption of Ij. According to him: 

Many soil samplos have been found to have a component which causes the release of 
iodine from iodide. Unless the amount so released bo separately determined or release pre¬ 
vented, this causes the amount of iodine apparently used in the hypoiodite oxidation to be 
lower than actual. Two or three samples have been found on which the iodine so released is 
in excess of the iodine utilized ... This disturbing factor is usually larger and proportion- 
atelyfarmoreserious in its effects in subsurface soils than in surface samples.. .Prehuninary 
studies of the nature of the disturbing material, which has virtually the properties of a 
peroxide, indicate that it is predominantly, but not exclusively, inorganic. The inorganic 
components may bo biolopcally oxidized manganese and iron. 

Because the action of pretreatment was not clear and explanations other 
than that su^ested by Norman (17) may be offered for at least part of the 
increase in I* consumption due to pretreatment, the whole process of pretreat¬ 
ment has been examined critically. 
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Methods and materidls 

The procedure of Norman (17) was used throughout. Except for the intro¬ 
duction of pretreatment and the substitution of 10 ml. of 3 N NaOH for 25 ml. 
of N NaOH, this procedure does not differ significantly from the original pro¬ 
cedure proposed by Norman and Pcevy (16). 

The effect of various oxidants and reductants was investigated in synthetic 
systems. In these cases reagent quality salts were used. The soils used to study 
the effects of pretreatment were selected to represent a wide range in chemical 
characteristics. 

Effect of inorganic oxidants 

Oxidants normally expected in soil systems are limited to Fe+++ and the higher 
oxidation states of Mn that are easily capable of solution. The reactions pre- 


TABLE 1 

Effect of manganese dioxide upon blank values 


TESATBfENT 

0.03 N THIOSULPHATE USED PER 10 ICL. AUQlTOr 

First end point 

Second end point* 


ml. 

ml. 

Blank. 

17.08 

0 

Blank 4- 0.2 per cent MnOa. 


Supernatant liquid. 

17.04 

0 

Suspension of 



Low density. 

17.25 

0.35 

Medium density. 

17.34 

0.60 

High density. 

17.84 

1.0 


* la formed on standing for 3 minutes after the first end point. 


seated by equations (4) and (5) would go substantially to completion, as is 
indicated by the equilibrium constants: 

Fo+++ -h I- == Fo++ -h H* K, * 4 X 10» (4) 

MnOa + 4H+ -1- 21- = Mn++ + h + 2HaO « I X 10^^ (pll 2.0) (5) 

In an alkaline medium, however, the concentration of Fe'^'*"*' is nogli^blo, limited 
by the solubility product of 1.1 X 10“*® (8, p. 1251). Similarly, Mn in the higher 
oxidation forms, probably as pyrolusite (23) is considered generally to be in¬ 
soluble and not reducible by I- in alkaline medium (11, pp. 345, 350). 

In synthetic systems, the addition of Fe+++, Mn+++, or MnO* did not increase 
the titration values of blanks (14), indicating that these oxidants do not oxidize 
I- to Is in alkaline medium. The data in table 1 concerning the copipaiison of 
the blank and supernatant liquid of MnOs-treated blanks are typical for these 
three oxidants. It was noted, however, that su^nsions of MnOt did oxidize 
I- to Is to a small extent in neutral solutions and rapidly and extensively in acid 
solutions (14). This observation points to a source of error contributed by in- 
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organic oxidants when suspensions are acidiBed and titrated. The data in table 
1 illustrate the possible error contributed by titrating suspensions. Aliquots of 
the supernatant liquid and of various suspensions of MnOs (ground p 3 nrolusite) 
were taken from blanks made up to contain 0.2 gm. of MnOj per 100 ml., 
with 10 per cent HCl, and immediately titrated with thiosulfate. Any I: formed 
within 3 minutes following this end point was also titrated. Obviously, MnO* 
does not oxidize 1 “ to I 2 in alkaline suspension and any error introduced occurs 
during the titration phase of the procedure. If suspended matter is allowed to 
settle out before aliquots are taken for titration, no serious interference from 
MnOs occurs unless it has been peptized to colloidal HimftnginnK by the NaOH. 
Although not indicated in these data, the rate of solution of MnOs is slower in 
HjPOi than in HCl suspension. The use of supernatant liquid greatly simplifies 
recognition of the end point. 

Effect of inorganic redtutants 

An examination of the possible reactions of Fe and Mn with KI in HCl solu¬ 
tion suggests another explanation that may account, at least in part, for the 
observation of Norman (17) that the consumption of I 2 by soils is increased by 
pretreatment. This greater usage of I 2 may be attributed to the introdticiUm 
of redwtanta that reduce the added l 2 rather than to the elimination of an oxidant, 
which oxidizes 1 “ to Ij. 

It has been shown that Fe+++ is reduced in the cold to Fe++ in the presence 
of acids, certain salts, and organic substances (15, 27), provided the pH is less 
than 5.0 and the Fe is in cationic form (3). At pH values characteristic of pre¬ 
treatment (approximately 2 . 0 ) there is an appreciable solution of Fe and a 
substantial reduction of Fe+++ to Fe++ by 1“ (4), which has a higher reduction 
potential than organic matter. Sherman and Harmer (23) and others ( 12 , 24, 
26) have concluded that the condition of Mn in the soil is best represented 
by the equilibrium, 

aoluble Jlfn++ replaceabh Mn++ easily redvcible MnOt ^ inert MnOt, 
which is displaced to the right in alkaline soils and to the left in acid soils to an 
extent variable with the oxidation-reduction potential of the soil. The equilibrium 
constant calculated from normal electrode potentials for the reaction, MnO* 
+ 4H+ + 21“ *= Mn'*'^ + I* + 2H!0, is approximately 1 X 10” at pH 2.0 
but unity or less in the pi I range 6 to 7. Thus, an extensive solution and reduction 
of MnOj to Mn'++ by the IICl-KI solution used during protreatment may be 
expected. 

The seriousness of introducing Fe++ and Mn++ into the system depends upon 
the fact that their hydroriidcs, rinlike Fe(OH)« and MnOi, arc appreciably 
soluble in alkaline mediiun and are readily oxidized therein (2, p. 122; 4; 22, p. 
2079). 

It has been shown by experiment (14) that the inoi^anic reductants Fe++ 
and Mn'*''' have an appreciable influence upon the I 3 consumption. In alkaline 
medium tlie freshly pnxiipitated hydrous oxides of Fe++ and Mn++ are sufficiently 
soluble to bo oxidized by U or NaOI. Wlnen the standard pretreatment with 
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HCl-KI and h 3 rpoiodite oxidation (17) was applied to blanks containing FeClt 
there was an extensive formation of Fe**"^ and !«was consumed (14). In the pres¬ 
ence of organic matter this utilization of Is by the Fe**"^ formed by pretreatment 
would have the effect of increasing the activity index for the organic matter. 
Although the reaction, Fe+++ + 1“ = Fe++ + 112 Is, under the proper conditions 
goes substantially' to completion, addition of sufficient F~, Hjf O 4 , or HiPsOr 
to form little-ionized complexes with Fe''~^ may so reduce the concentration of 
the Fe"*^ ion that no Is is liberated from a mixture containing I~ (9, p. 484). 
Application of this principle with a view toward preventing the formation of 
Fe++ was only partly successful. In synthetic mixtures, H 3 PO 4 was found sub- 
stantiially to reduce, but not to inhibit, the oxidation of I~ to Is and to have 
absolutely no effect upon the reduction of Is by Fe^ in alkaline medium (14). 

The amoimts of Fe++ formed from Fe+++ in the presence of 1“ and H 3 PO 4 
were sufficiently small that a qualitative study of the comparative solvent action 
of HCl and Hj *04 with and without KI (at pretreatment concentrations) upon 
the Fe and Mn of ei^t soils was undertaken. Soil-water and soil-acid suspensions 
were shaken for 4 hours, treated with a small amount of saturated alum, and 
filtered after an additional 30 seconds of shaking. Qualitative tests for Fe*^, 
Fe++, and Mn++ ions and quantitative measurement of the free Is were made 
on portions- of the filtrate. Bepresentative data from four of the eight soils are 
presented in table 2 (14). It is implicit in these data that pretreatment with 
HCl-KI does produce significant quantities of Fe++, and that the reduction of 
Fe+++ to Fe++ is accomplished by I“. HCl extracted appreciably more Fe+++ 
from all seals than did the O 4 . Only traces of Fc*'*' were found in the HCl, 
HsP 04, or H»P04-KI extracts, whereas stron^y positive tests were obtained 
on the HCl-XQ extracts. Although water-soluble Mn''~'' was found in some soils, 
acid extractions were markedly more efficient. little difference was noted in 
the ability of the two acids to extract Mn++, and, contrary to expectation, KI 
had little effect in increasing the extraction. These data show conclusively that 
the formation of reducing ions of one form or another may bo anticipated when 
amis ms pretreated with acids or acid solutions of KI. 

Pretreatmont and oxidation were then applied to Palotise silt loam, comparable 
strengths of HCl and HtP 04 beiixg used at two concentrations and compared 
with no pretreatment. The data are summarized in table 3. Consistent with 
expectation, pretreatment with HCl-KI solution did increase the consumption 
of Ij and to an extent in proportion to the strength of the acid. The actual re¬ 
duction in I* consumption due to pretreatment with H»P04-KI was wholly un¬ 
expected. No explanation is offered for this result. These results point strongly 
to the concltision that the solution of Fe"*^ and its reduction to Fe+'+ during 
pretreatment is a contributing factor in increasing the amount of I 2 used by soils. 

IHmmion 

The data presented show that pretreatment with HCl-KI solution increases 
the amount of I 2 consumed by soil over the amount consumed by soil not so 
treated and that it also dissolves appreciable quantities of Mn++ and of Fe"* 
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TABLE 2 


Solvent action of HClandH »PQ«, with and vrithoxU KI, upon the Fe and Mn in different soile 


son. 

TtSATKENT 

PUSXKCS OS IONS ON QUAllTATZVS TEST* 

IlSOUIEO 
PEN 100 OK. OS 
SOIL 

Fe^ 

Fe+<- 

Mn-H- 

Olympic clay loam 

1 Water 



"f* 

me. 


HCl 

1 +++ 

=fc 

+++ 

— 


Ha-Ki 

++ 

+++ 

+++ 

0.89 


H,P04 

++ 

— 

+++ 

_ 


H,P04-KI 

++ 

dc 

+++ 

0.38 

Paloiise fiilt loam 

Water 

~ 


-h 



HCl 

++-1—h 


+++ 

_ 


HCl-KI 

++ 

+++-1- 

+4"l- 

1.44 



+++ 

dc 

+++ 

... 


H,P04-KI 

-I-+ 


+++ 

0.24 

Hessoo clay loam 

Water 

— 


++ 



HCl 

+-1-I- 

db 

++++ 

— 


HCl-KI 

++-1- 

+++ 

-i-4-++-t- 

1.25 


H,P04 

++ 

db 

++-1-++ 

— 


HiPOi-KI 

++ 

=b 

++++-I- 

0.48 

Sagemoor fine sandy 

Water 

— 


— 

... 

loam 

HCl 

+++ 

d= 

+++ 

— 


HCl-KI 

+-1- 

+4*+ 

+++ 

2.16 


H.PO4 

++ 

d: 

+++ 

_ 


H,PO«-KI 

+ 

d= 

++-t" 

0.28 


* A plus indicatea a positive test, a minus a negative test. The combination of plus 
and minus indicates a doubtful test, which probably is best considered as negative. 


TABLE 3 


Effect of pretreatnent witii HCl-KI and HfPOfKI aolutione upon the pH and It coneumption 

of Palotue ailt loom 


taeatkent 

•AMPEE 

pH 

It PEE OlAK Ot CAE> 
BON, AVE. 



I 

met 

Pretreatmmt 




10 % HCl + KI 

Blank 

0.90 



Soil 

1.20 

5.76 

20% HOI ■+■ 1% KI 

Blank 




Soil 


6.48 

4% HJO 4 + 1% KI 

Blank 

1.3 I 



Soil 

2.3 

4.28 

8% HJPO* + 1% KI 

Blank 




Soil 

1.90 

3.89 

Ho pretreatment 



S 

Water 

Blank 

6.7 



Soil 

6.7 

4.37 


much of which is reduced to Fe*^. Since the Fe'*'*’ and Mn'^ so formed can 
reduce h in alkaline solution, they may to a considerable extent be responsible 
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for the increased consumption of I 2 due to pretreatment. In proposing pre¬ 
treatment with HCl-KI solution as a means for removing disturbing oxidants 
which oxidize 1~ to Is, Norman (17) apparently overlooked this aspect of pre¬ 
treatment. Protrcatmcnt will remove oxidants which oxidize 1“ to Is but it will 
also introduce rcductants which will reduce Is to I”. Thus the benefit obtained 
by destroying disturbing oxidants could be offset by the error contributed by 
the introduction of rcductants. As it is difficult to conceive of a soil that will 
not provide some Fe++ to a solution 10 per cent in HCl and 1 per cent in KI 
over a period of 12 to 15 hours, the use of this particular pretreatment solution 
shoidd be abandoned. 

No explanation is offered for Norman’s observation (17) that in some cases 
the Is rdeased from I~ by oxidants exceeds the Is utilized. Such negative results 
have not been observed by this investigator. Although it is probable that some 
portion of the increased Is consumption resulting from pretreatment as observed 
by Norman is due to the formation of rcductants during pretreatment rather 
than to elimination of oxidants, it is not suggested that this reaction of pretreat¬ 
ment is wholly responsible for the observed increases. It has been shown, how¬ 
ever, that the common inorganic oxidants of soils, Fe+++ or MnOs, should not 
be responsible for the oxidation of 1 “ to Is in aUcdline medium. In this study, 
organic oxidants and peroxides have not been considered, and their presence 
or absence is not debated. These types of compounds may be responsible for 
Nonuan’s negative results. The observation reported here that pretreatment 
with H3PO4-KI solution docs not increase Is consumption and minimizes the 
formation of Fe++ may be of some value to an investigation of the problem 
encountered by Norman. Considerable investigation of this reagent will be 
necessary before it can be accepted for use, inasmuch as H3PO4 does not prevent 
the formation of Mn++ and in the one instance reported it has resulted in a 
reduced Is consumption. 

CONDITIONS AFFtJCTINQ THE EXTENT OF HYPOIODITE OXIDATION 

Norman and Peevy (16) have demonstrated that fhe extent of oxidation 
of organic matter by hypoiodito is incomplete and is dependent upon the ratio 
of hsrpoiodite to organic matter. A systematic examination of the effect upon 
the extent of oxidation of such variables as Is, I~, and NaOH concentrations, as 
wdl as size and fineness of sample, was imdertakcn with a view toward a better 
understanding of the hypoiodite method and selection of optimum conditions 
for eflficiency and reproducibility. 

Methods and materials 

The basic procedure used was that of Norman and Peevy (16) modified to 
the extent that the supernatant liquid was sampled for titration and acidified 
with 6 N H 1 PO 4 . Each sample of soil or other material and each parallel blank 
were treated with 25 ml. of water, 25 ml. of NaOH, and 50 ml. of 0.1 N Is in 
succesfflOD, set aside in the dark, and i^aken at 10-minute intervals. At the end 
of 1 hour, 10-ml. aliquots were pipetted into 75 ml. of water, acidified vrith 6 
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ml. of 6 HjP 04 , and titrated with 0.03 N NajSjOj. The results, expressed in 
terms of milhequivalents of I* used per 100 gm. of soil or per gram of carbon, 
are reported on the moisture-free basis and, in the case of lignin, also on an ash¬ 
free basis. 

The soils used will be described in part II of this series. Soil material from the 
A horizon passing a 16-mesh sieve was employed xinless otherwise specified. A 
sample of commercial lignin, Meadol,’ was used as a comparison with soil organic 
matter. A typical analysis for such material is reported by Wallerstein, Alba, 
and Hale (31). 


Effect of varying concentration of the basic hypoiodite reagents 

Charges in efficiency of oxidation as a result of varying concentration of It, 
I", and NaOH are probably due to vaiying stability of the OI~ ion. In an ex¬ 
tensive investigation li and White (10) concluded that the stability of the 
01" ion is dependent upon the I"-and OH--ion concentrations and that the 
specific reaction rate of decomposition of 01" is a linear function of the I~/OH" 
ratio.^ 

Data are presented in figure 1 and table 4 to illustrate the effect of varying 
concentrations of OH~ and I" upon the consumption of Ig by Ugnin and two 
soils. Samples providing 52 mgm. of carbon for the soils and 32.4 mgm. of carbon 
for the lignin were employed. As is predictable from the data of Li and White 
(10), the stability of the NaOI, as measured by the extent of Ig consumption 
by soil oiganic matter or lignin, is shown to increase with increasing OH" con¬ 
centration and to decrease with increasing I~ concentration. An increase in Ig 
strength had little effect upon the Ig consumption by organic matter because 
the increase in the I"/OH" ratio so accelerates the rate of decomposition as 
to offset the increase in the initial concentration of NaOI (14). 

If it is presumed that the increased Ig consumption by the organic matter shown 
in figure 1 is duo to increased stability of the NaOI, it must be concluded that 
the reagent used by Norman and Peevy (16) is of relatively low stability. Further, 
the reagent obviously gives results which fall on a steep part of the curve where 
a relatively small change in NaOII concentration will produce appreciable change 
in the stability of NaOI and hence in the consumption of Ig by the organic 
matter. Because the reaction of NaOI with organic matter is never complete 
and only comparative measurements are being sought, an increase in the utiliza¬ 
tion of Ig by soil oiganic matter brought about by a more stable NaOI reagent 
is not in itsdf desirable. It seems advisable, however, to increase the stability 
of the reagent so that minor changes in its composition will have minor effects 


* Supplied by the Mead Corporation, Ghillioothc, Ohio. 

* The reaction SOI" - lOr -I- 21” is a second order reaction which obeys the rate law 
-d [Oli 


equation,- - -- AlOI"l*. Further, A is a function of tlic concentration of OH" and 

dn 

10411"! 

I” ions and equal to 2.9 -I- • Thus the stability of NaOI is shown to bo increased by 

OH*" 

OH* and decreasing f' conconiratious. 
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NORMALITY OF NaOH 

Fig. 1. EraBCT of Congbntratxon of Alkaw upon the Extent of Iodine Consumption 

BY Organic Matter 


TABIiE 4 


Effect of 2~ eoncefitration upon the hypoiodiie oxidation of lignin 


rCNAl CONCBKTRATXON OF 

Is CONSCIIXD FFF OKAR Of CAtBOM* 

NaOH 

XI 

N 

i ^ 

me . 

0.252 


43.98 


0.116 

42.66 

0.754 

0.073 

49.29 


0.116 

46.65 


* Averages from duplicate titrations on duplicate samples. 
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upon the utilization of Ij by oi^anic matter. This change may be accomplished 
by increasing the concentration of NaOH from 1 to 3 iV.* Although variation in 
I- concentration produces only minor variations in NaOI stability, it is desirable 
to reduce the quantity to the minimum necessary for the reaction 1^ + I- = 

1, - which is approximately 20 gm. per liter, because the I" concentration 
continually increases during the decomposition of NaOI and further accelerates 
the decomposition rate. 

Effect of amount and condititm of (Ae soil 

Absolute carbon content. Norman and Peevy (16) have indicated that the 
consumption of I 2 by organic matter depends on the weight of organic matter 
used. Data for eight soils, air-dried and ground to pass a 100-mesh sieve and of 
varying genetic origin and carbon content, and for lig nin are reported in figure 

2 . 

In all cases, the activity index of the soils falls as the weight of aa-mpTfl (carbon) 
increases, the rate of change being greater in the rai^e of the larger samples. 
As the sample size increases, the rate of change in oxidation tends to approach 
zero. In all but one case (Spanaway), at least 100 per cent excess of la was present. 
It seems difficult to explain those results simply on the basis of reduction in 
pressure of the oxidant. The substantially identical results with li gnin indicate 
that physical interference from soil particles is not an important factor. The 
shapes of the curves differ: soils exhibiting a high reactivity (Rainierand Lynden) 
do not approach constant values, as do soils exhibitiig low reactivity. The 
difference in diapo and level of curves is bdiievcd to be indicative of chemical 
differences in the organic matter. 

The data indicate conclusively that any comparison, to be valid, must be on 
the basis of equal weights of carbon, not on equal wdghts of sample. A sample 
weight yielding O.IO gm. of carbon and characteristic of the area where the 
curves flatten would be preferable but not practical because the weight of sample 
for most soils would !«• excessively high, 7.5 gm. for soils containing 1.5 per cent 
carbon. A sample yielding 0.05 to 0.06 gm. of carbon is the most practical selec¬ 
tion. Since the activity index, me. I* per gram of carbon, is the only valid basis 
for comparison, and since <‘arhon analyses are essential, it is not inconvenient 
to employ a sample size such that a standard weight of carbon is taken. 

Particle idse and presoaking with NaOU. Accessibility of the organic matter 
to the hypoiodiU' rc‘ji^cnt will undoubtedly affect tlie extent of oxidation; hence, 
the effect of fineneas of grinding was investigated. 

Four selected soils were ball-milled for arbitrary periods, and duplicate portions 

*Tho Htttbiliiy of NaOI is iiuUcatcd by the specific reaction rate of decomposition (in 
gram moles per liter p(ir iiour) according to the equation 301*" « lOj + 21". When the con¬ 
centration of NaOll is raiti(^d from I to 3 JV, the specific reaction rate of decomposition falls 
from 34.3 to 13.3. As shown in figure 3, the nearly threefold increase in stability of the NaOI 
increases the h consumption per gram of carbon for lignin from 46 and52,5 me,, for the Ilel- 
mer soil from 15 to 19 5 me., and for (he Palouso soil from 5.5 to 7.5 me. 



c. P. MOOPIB 


472 

• o irm of carbon, were subjected 

i. .k, — 0. 5. 
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effect of addition of the NaOH some hours prior to addition of I 2 was investigated. 
The rate of dispersion of organic matter in NaOH depends on, among other 
things, the accessibility and condition of the organic matter and the time of 

TABLE 5 


Effect of fineness of grinding and presoaking with NaOH upon the activity index 


SOIL 

PERIOD OP BAZX- 
MIXXING 

Is CONSUICED PEE GSAIC OP CASBON 

Without presoaking 

With presoaking* 

DLSerence due to 
presoaking 



me. 

me. 

me. 

Palouse 

0 

4.62 

5.35 

+0.73 


3 

6.64 

6.31 

+0.67 


7 

5.59 

5.97 

+0.38 


15 

5.66 

5.68 

+0.03 


30 

5.46 

5.66 

+0.09 

Helmer 

0 

8.80 

11.09 

+2.29 


3 

15.28 

20.83 

+5.55 


30 

16.21 

21.41 

+6.20 

Ritzvillc 

0 

6.70 

7.64 

+0.94 


3 

7.68 

8.32 

+0.64 


30 

8.25 

8.83 

+0.58 

Barnes 

0 

5.55 

7.06 

+1.51 


3 

7.02 

8.03 

+1.01 


30 

8.31 

9.11 

+0.80 


* With IN NaOlT. 


TABLE 6 


Effect of presoaking with NaOH upon the activity index 


ROIL 

CONCENTRATION OP 
NaOH ADDED 

PRSSOAEING TREAT¬ 
MENT 

Is USED PER GRAM 
OF CARBON 

DIFFERENCE DUS TO 
PRSSOAEINO 


N 


me. 


Palouse’ 

1 


5.65 




+ 

5.97 

+0.35 


3 


7.45 




+ 

7.47 

+0.02 

llclmert 

1 

- 

16.20 




+ 

21.40 

+5.20 


3 

— 

21.35 




+ 

21.40 

+0.05 


* Ball-milled for 7 minutes, 
t Ball-milled for 30 minutes. 


contact and concentration of the NaOH. The effects of presoaking with NaOH 
were studied on four different soils by adding 26 ml. of 1 or 3 N NaOH 2.5 to 3 
hours prior to addition of I*. In general, the results obtained (14) indicate that 
presoaking with NaOH tends to increase the consumption of I 2 but that it has 
a HiTwiTiiabing effect as the fineness of grinding increases (table 5) or as the con¬ 
centration of NaOH increases (table 6). The results indicate that presoaking 
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has one or both of two functions: it may, and undoubtedly does, increase dis¬ 
persion of aggregates, and it has a more extensive dispersive and solvent action 
upon the organic matter. Where the initial dispersion is adequate, NaOH can 
extract the organic matter in a period of minutes. An increase in NaOH strength 
has qualitatively the same effect. The possibility also exists that prcsoaldng 
brings about an alteration of the organic matter (such as cleavage of carbo¬ 
hydrates), making it more susceptible to oxidation. Prosoaking was observed 

TABLE 7 


Volume error resulting from titration of suspensions 


SAB£PLE AND TKKATBCENT 

NatSiOt USED »EE in 

ML. AUQUOT* 

Blank. 

ml, 

16.360 

Blank + 1% benlouiic 

Supernatant liquid. 

16.363 

1.43% suspexieiou. 

16.203 


* Average of three. 


TABLE 8 

Effectt upon the activity index^ of dilution of soil with bentonite 


SOIL 

TSSATBCEN'T 

Is USED PER ORAM 
OP CARBON 

DtPFERENCE DUB 
TO BENTONITE 




me. 

me. 

Alderwood 

No presoaking with 

No bentonite 

19.37 



NaOH 

1 % bentonite 

18.22 

1.16 


Presoaked 

No bentonite 

18.96 




1 % bentonite 

17.89 

1.07 

Barnes 

No presoukiug 

No bentonite 

8.37 


1 


1 % bentonite 

7.96 

0.42 


(14) to decrease I 2 consumption in one soil (the B horizon of Alderwood) ground 
to pass a lOO-mosh sieve. The rovoieal of effect of presoaking in this one case 
cannot be explained with the information at hand. The diminishing tendency 
of presoaking with NaOH to increase the consumption of I 2 with decreased par¬ 
ticle size suggests that the extraction of organic matter is an essential part of 
the hypoiodite oxidation process. 

Dilviion with berUonite. The effect of dilution of soil with a material neutral 
to NaOI was investigated by adding 1-gm. portions 200-mesh bentonite* to two 
soils and comparable blanks. Althoi^h the bentonite slaked poorly in water, 
it slaked readily in 0.5 N NaOH, settling out rapidly and carrying down sus¬ 
pended soil material. A perfectly clear supernatant liquid which was easily 
sampled and titrated resulted. 

Some measure of the volume error introduced by titration of soil suspendons 

• Volclay of tho American Colloid Co., Chicago, Illinois. 
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is given by the data in table 7 on the titration of blanks containing bentonite 
only. Bentonite itself consumes no I 2 (14). The titration of bentonite suspension 
is analogous to the titration of soil suspensions. Since there are no comp>ensatory 
volume errors in the usual blanks, titration of aliquots containing soil will 
introduce a negative error which will result in a iSgure that will indicate a higher 
consumption of I 2 than actual. 

The data on the soil-bentonite systems (table 8) indicate that dilution of the 
soil with bentonite reduces the usage of I 2 by the soil. Since supernatant liquid 
was sampled for titration, volume errors are not responsible, and no clue is 
available in the data to explain this reduction. Simple dilution and mechanical 
interference or formation of shielding complexes may be responsible. 

Discussion 

The results from the study of the effect of the condition of the soil upon the 
value of the activity index are instructive but inconclusive. It is recommended, 
however, that the soil be crushed prior to oxidation to destroy all but the smallest 
of aggregates without crushing primary soil particles. The conflicting data on 
the effect of presoaking with NaOH do not warrant any definite recommendation. 
The decrease in the activity index of the Alderwood B horizon resulting from 
presoaking may be characteristic of the Alderwood soil or of B horizon xnaterial. 
No data are available to support any further conclusion.^ Further work on this 
phase is necessary. The depressing effect upon the activity index of dilution of 
the soil with bentonite also requires additional study. 

SXJMMABT AND CONCLUSIONS 

The general suitability of NaOI and the hypoiodite method proposed by Nor¬ 
man and Peevy as a tool for stud 3 ring the nature of organic matter is reviewed, 
as are the probable reactions of NaOI with organic matter. 

The chemistry of the pretreatment of soils with HCl-KI solution is reviewed 
and experimental work is presented to warrant the following conclusions: 

1. The inorganic oxidants commonly found in soils (Fe+++ and MnOa) do not oxidi 2 se I" to 
la in alkaline medium. 

2. Pretreatment induces the formation of reduciants which reduce I 2 to I"*, 

3. Substitution of HaPO* for HCl in pretreatment will largely prevent the solution and re¬ 
duction of Fe*^ but does not eliminate the interference due to Fe++ or to Mn++. 

4. Without regard to the question of removal of possible peroxides or organic oxidants, it 
seems advisable to abandon pretreatment in its present form, since it introduces Fe***^ 
and Mn**^, which reduce I 2 in alkaline solution, and thus leads to erroneous results. 

5. Use of aliquots of the supernatant liquid and acidification with H1FO4 rather than with 
HCl improve the end point and minimize possible error resulting from the solution of 
MnOa or Fe*^ during the titration phase of the hypoiodite procedure. 

^ Presoaking with NaOH involves problems that cannot be considered here. Mattson 
(The oxidation-reduction condition in vegetation, litter and humus: I. Ann, Agr, Col. 
Sweden 11:136-144,1943) has shown that suspensions of organic materials inalkalinesolutions 
ean absorb large quantities of atmospheric Os. In this process the organic matter is exten¬ 
sively oxidized. 
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A study of the effect of varying concentrations of the basic hypoiodite reagents, 
lo, I“", and NaOH, shows that the variation in the activity index, milliequivalents 
I 2 per gram of carbon, parallels the variation in stability of the active reagent, 
NaOI. The consumption of I 2 by soils and lignin is increased by increasing the 
concentration of 011“ and depressed by concentrations of I". 

The absolute carbon content of the system has an appreciable effect upon the 
activity index. Small samples react more extensively with hypoiodite tlian do 
large samples. Materials of high rca(;tivity exhibit steeper curves for plots of 
milliequivalents I 2 per gram of carbon versus total weight of carbon than do 
materials of low reactivity. Strict comparison is valid only on the basis of equiva¬ 
lent amounts of carbon. Grinding of soils or presoaking with NaOH several hours 
prior to hypoiodite oxidation leads to an increase in the activity index. Extrac¬ 
tion of the organic matter in NaOH appears to be an essential for maximum re¬ 
action of hypoiodite and organic matter. Dilution of the soil with an inert ma¬ 
terial such as bentonite reduces the activity index for reasons not yet apparent. 

It may be concluded from this study of the conditions affecting the extent of 
reaction of hypoiodite with soil organic matter and lignin that the consumption 
of I 2 , expressed as milliequivalents I 2 per gram of carbon and termed the ‘‘activity 
index,” depends upon three principal factors: 1. Composition of the oxidizing med¬ 
ium; 2. Absolute amount of carbon in the system; 3. Physical condition of 
the sample. 

On the basis of this study, it seems advisable to modify the procedure of Nor¬ 
man and Peevy to remove it as far as possible from critical regions characteristic 
of it. The sample size should be so chosen that comparisons can be made between 
equal weights of carbon. A weight of 0.055 gm. of carbon is suggested. The con¬ 
centration of NaOH should be raised from 12V' to 3 AT and the KI concentration 
lowered to a minimum, 20 gm. per liter. The resultant increase in stability of 
the hypoiodite will increase the consumption of I 2 and reduce to a minimum the 
fa<*tor« of physical interference. Acidification with II 8 PO 4 and sampling of the 
HUi>ernaiant liquid will reduce errors in the titration phase of the pro<5edurc. Be- 
caus(^ of the increased stability of the hypoiodite, the reaction time should 1)0 in¬ 
creased from 1 to 1.5 hours. A detailed proc*edure embodying these recommenda¬ 
tions follows: 

Soil samples should be crushed to break down all but the finest of aggregates 
before they arc subjected to hypoiodite oxidation. Calculate the sample size re¬ 
quired to contain 55 mgm, of carbon, and weigh with an accuracy of 1 mgm. a 
sample within db 10 mgm. of the desired weight of soil. Transfer quantitatively 
1.0 a 125-ml. Erlenmeyer flask,® and add, with constant shaking, 25 ml of distilled 
water, 25 ml. of 3 AT NaOH, and 50 ml. of 0.1 AT I 2 (12.7 gm. of I 2 and 20.0 =b 
0.1 gm. of KI per liter). Stopper tightly with a rubber stopper which has been 
cleaned by boiling in dilute NaOH, shake at 3- to 5-minute intervals for 25 to 30 
minutes, and set aside in the dark for I hour. Set up a blank under identical con- 

® Values obtained with flasks stoppered with rubber that has been cleaned by boiling for 
30 minutes with dilute NaOH solution are not detect ably different from those obtained 
with glass-stoppered flasks. 
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ditions, omitting the sample. Pipette triplicate 10-ml. aliquots into 50- to 60-ml. 
portions of distilled water in 250-ml. Erlenmeyer flasks. Disturb the suspension 
as little as possible and take only supernatant liquid. Small volume errors result 
from varying density of suspension. Acidify the aliquots with 5 ml. of 6 AT TTsPOi, 
and titrate the liberated lo with 0.03 N Na2S208 from a 25-ml. burette. When the 
color becomes a faint yellow, add 5 ml. of 0.2 per cent starch solution and com¬ 
plete the titration, rinsing down the sides of the flask with a few milliliters of 
water within a few drops of the end point. Since many soils yield yellow-colored 
solutions, the starch may have to be added as much as 1 ml. in advance of the 
endpoint on the first titration. Subtract the average of the three titrations from 
the value for the blank to find the milliliters of Na 2 S 208 equivalent to the I 2 
used by the sample. Where duplicate samples are used, duplicate titrations are 
adequate, provided duplicates check with 0.05 ml. for each sample, and the aver¬ 
ages check within 0.1 ml. between samples. 

m«. 1 . per etm of carbon - "I- Xjy ot Ka&O. X 10 X 100 

wt. of sample X per cent carbon m sample 

REFERENCES 

(1) ANDhRsoN, M. 8., AND Btuks, H. G. 1934 The carbon-aitrogen ratio La relation 

to soil classification. Soil Sci, 38:121-138. 

(2) BiiASDAUfl, W. C. 1928 The Fundamentals of Quantitative Analysis, ed. 3. New 

York. 

(3) Boratynski, K., and Mattson, B. 1938 The electrochemistry of soil formation: 

111. Aftn, Agr, CoU Sweden 7: 63-119. 

(4) Brewhr, P. it,, and Carr, R. H. 1027 Fertility of a soil as related to the forms of 

its iron and manganese. Soil Sci, 23:165-173. 

(5) Bkowmj, (3. A., AND Zkrban, F. W. 1941 Physical and Chemical Methods of Sugar 

Analysis, ed. 3. New York. 

(6) Fuson, R. C., and Bull, B. A. 1934 The haloform reaction. Chem. Rev, 15:275-309. 

(7) Gallaohbr, P. H. 1942 The mobile colloidal humus of podzolic soils and its rela¬ 

tionship to the process of podzolization. Roy. Irish Acad. Proc. 48(B): 213-229. 

(8) Lanob, N. A., et al. 1944 Handbook of Chemistry, ed. 5. Sandusky, Ohio. 

(9) KoLTUori.’, 1. M., and Sandbll, 10. B. 1943 Textbook of Quantitative Inorganic 

Analysis. New York. 

(10) Li, 0. IL, AND Whitk, 0. F. 194:4 Kinetics of hypoiodite decomposition. Jour. Amer. 

Chem. Soc. 65: 3:45-339. 

(11) McAnnNK,R. K.,ANDSounfi,B. A. 1943 Qualitative Chemical Analysis. New York. 

(12) M(Cool, M. M. 19:44 JOffoct of various factors on the soluble manganese in soils. 

Hoyce Thompson Inst. Contrlb. 6:147-164. 

(i:4) Martin, A. R., jbt al. 1941 Estimation of aldehyde groups in hydroceUulose from 
cotton. Natl. Bur. Standards Jour. Res. 27:449-458. 

(14) Moodiw, 0. 1). 1947 Tlie Hypoiodite Method as a Measure of the Nature of Soil 

Organic Matter. Pullman, Wash, (Thesis, State College of Washington.) 

(15) MoRihON, C. G. T., AND Somers, D. B. 1914 The solution and precipitation of iron 

in the formation of hardpan. Jour. Agr. Sci. 6; 84-96. 

(16) Norman, A. (L, and Peevy, W. J. 1940 The oxidation of soil organic matter with 

hypoiodite. Soil. Sci. Soc. Amer, Proc. (1939) 4:183-188. 

(17) Norman, A. 0. 1943 The chemistry of soil organic matter: II. Soil Sci. 56:223-233. 

(18) Paoru, E. 1046 Cellulose studies: II. Textile Res. 16:105-114. 



m 


C. D. MOODIB 


;39) Rogjbks, n. R. 1944 Furfural determination: iodine method for hydrolyzed wood 
liquors. Indus, and Engin. Chem., Analyt, Ed, 16: 319-321. 

(20) Ruthebford, H. A., bt al. 1942 Oxidation of cellulose: the reactions of cellulose 

with periodic acid, Natl, Bur, Standards Jour, Res, 29:131-141. 

(21) Salisbury, 11. F., and Db Long, W. A. 1940 A comparison of the organic matter 

of uncultivated and cultivated Appalachian upland podzol soils, Agr. 21: 
121-132. 

(22) Scott, W. W. 1939 Standard Methods of Chemical Analysis, ed. 5. New York, 

(23) Shbracan, G. D., and Habmbr, P. M. 1943 The manganous-manganic equilibrium 

of soils. Soil Sd, Soc. Armr, Proc. (1942) 7:393-405. 

(24) Sherman, G. D., McHargue, J. S., and Hodgkiss, W. S. 1942 Determination of 

active manganese in soil. Soil Sci, 64: 263-257. 

(25) Sherman, G. D., McHargue, J. S., and Hodgkiss, W. S. 1942 The production of a 

lime-induced manganese deficiency on an eroded Kentucky soil. Jour, Amer, Soc. 
Agron. 34:1076-1083. 

(26) Sherman, G. D., McHargue, J. S., and Hagbman, R. H. 1943 The influence on 

halides on the oxidation of manganese in soil. Soil Sci. 56:127-134. 

(27) Thorne, D. W., and Wallace, A. 1944 Some factors affecting chlorosis on high 

lime soils: I. Soil Sci. 67:2^312. 

(28) Vandecavbye, S. C., and Katznblson, H. 1940 Microbial activities in soil: VI. 

Soil Sci. 60:296-311. 

(29) Waksman, S. a., and Hutchings, I. J. 1935 Chemical nature of organic matter in 

different soil types. Soil Sd. 40:347-363. 

(30) Waksman, S. A. 19^ Humus, ed. 2. Williams & Wilkins, Baltimore. 

(31) Wallbrstbin, j. S., Alba, R. T. and Hale, M. G. 1945 Precipitation and recovery 

of mold protease by certain forms of lignin and tannin. Arch. Biochem, 7:357-366. 

(32) White, E. V., bt al. 1941 Mechanism of the chlorination of lignin. Paper Trade 

J(mT.,T.A,P,P.I. 1941:299-309. 



BOOKS 

Annotalcd Bibliography on Sedimentation. Sedimentation Bulletin No. 2. L. C. 
Gottschalk, Chainnan of Committee. Superintendent of Documents, IT. S. 
Government Printing Office, Washington, D. C., 1950. Pp. 361. Price, paper 
bound, $1.25. 

This report was compiled under the supervision of the Soil Conservation Ser¬ 
vice of tho XT. S. Department of Agriculture, with the cooperation of the Forest 
Service, Army Corp of Engineers, Coast and Geodetic Survey, Bureau of Eecla- 
mation. Geological Survey, Office of Land Utilization, Federal Power Commis¬ 
sion, and Tennessee VaUey Authority. It is intended to cover all the known pub¬ 
lications in English on the engineeiii^ aspects of sedimentation. A shelf-by-shelf 
canvass was made of all engineering and geolcgical literature in the principal 
libraries in New York City and of the proceedings and transactions of 150 of the 
leading engineering societies of the world. Nearly 100,000 separate issues of 
journals, books, and reports published prior to 1942 were reviewed, and a fairly 
complete canvass was made of later literature on this subject. A tremendous 
amount of work has gone into the preparation of the material for this bulletin. 
It should be readily available to everyone concerned with this problem. 

Conservation o/ Natural Resources. Edited by Gut-Hakold Smith. John Wiley 
and Sons, Inc., New York, 1950. Pp. 552. Price $6. 

Twenty specialists in the various phases of conservation contributed to the 
preparation of the material for this book. They deal with the history of the con¬ 
servation movement, soil and crop resources, forests, water, minerals, wildlife, 
recreational facilities, and conservation planning. The book is essentially a re¬ 
vision of an earlier volume, “Our Natural Resources and Their Conservation,” 
which first appeared in 1936. The tabular material has been brought up to date 
and there is considerable evidence of advancement in the thinking of the authors 
in comparison with that of tlie earlier contributors. The authors have rendered 
a very important service in bringing together in one volume a mass of data on our 
several natural resources and in providing some thought-provoking discussions 
concerning them. The book has high value for reference purposes. 

Irrigation Principles and Practices. Second Edition. By Obson W. IseabiiSen. 
John Wiley and Sons, Inc., New York, 1950. Pp. 405, figs. 180. Price $6. 

The author, by reason of his wide experience in consulting work on ground 
water development, construction of storage reservoirs, drainage, andflood control, 
is especially well qualified to deal with the principles and practices of irrigation in 
arid areas. The book showrs abundant evidence of exact knowledge on the sub¬ 
ject. Its 18 chapters cover all phases of the problem. They include one chapter on 
irrigation in humid climates and another on social and administrative aspects of 
irrigation. The appendixes contain more than 150 problems, with answers, for 
class purposes, and some 300 references, arranged by chapters. The illustrations 
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are excellent. Everyone who has to do with practice or research in irrigation will 
find this a very useful volume to have at hand. 

MoisUirc Requirements in Agriculture. By H.\rby Burgess Rob. McGraw-Hill 

Book Company, Inc., 1950. Pp. 413, figs. 150. Price $5.50. 

The author of this book has rendered a highly important service in assembling 
the available material on soil moisture, with siK‘cial reference to farm irrigation. 
The first few chapters deal with soil moisture relations, plant requirements, 
sources of water, its flow and measurement, and interrelations between irriga¬ 
tion and drainage. The remaining chapters present the principles of irrigation, 
time of irrigation, use of water, methods, structures, pumping, irrigation of speci¬ 
fic crops, irrigation farming and legislative problems, with a final chapter on sup¬ 
plemental irrigation in humid regions. The appendix contains 153 references, on 
which the author comments in the text, and 60 additional references that were 
consulted. The material is well presented, and the illustrations are excellent. 
The book is entitled to a wide reading on the part of both those who do research 
work in irrigation and those who put it into practice. 

Tbcb Editobs. 
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Warburg, O. Heavy Metal IHrosthetic Groups and En¬ 
zyme Action, 166. 
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Whitney, R. S. See Leonard, W. H. 
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Carbon— 

eoxitont of Boils, Zi7. 
dioxide— 

evolution from soils, 346, 347. 
excess, harmful influence, 179. 

Chlorine content of vegetation on saline 
soils, 15. 

Chloroplast pigments— 
and magnesium deficiency, 213-220. 
content of various plants, 216. 
loss due to magnesium deficiency, 217. 
Olay minerals— 
fixation of phosphates, 260. 
identification by x-ray patterns, 109-136. 
reactions of kaolinite with phosphates, 
273-290. 

thermal curves of clay of an equatorial 
podzol, 225. 
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Copper content of tung leaves, 94. 

Corn yields as effected by management and 
erosion, 388. 

Differential thermal analysis curves of an 
equatorial podzol, 225. 

Diurnal fluctuations— 
causes, 304. 

effect of temperature, 308. 
extent of, tensiometers, 301. 

Ethylene oxide, changes induced in soils by 
sterilization with, 345-349. 

Fertilizers— 

efficiency in relation to management and 
erosion, 385-392. 
sulfur content, 74. 

Fluorine— 

comparative uptake by plants, 153-160. 
content of colloids, 158. 
toxicity symptoms of buckwheat, 157. 
Fungicides, sulfur, 67-72. 

Grain, sulfur content, 14. 

Gypsum, effect on yields and composition 
of plants, 45. 

Hypoiodite— 

conditions affecting oxidation, 468. 
effects of— 
alkali, 470. 
sample weight, 472. 
soil, 471. 

methods for organic matter, 461-478. 

Iron in timg leaves, 97. 

Magnesium deficiency, relation to chloro* 
plast pigments, 213-220. 

Manganese- 

availability, and sulfur application, 34. 
content of tung leaves, 95. 
toxicity symptoms in alfalfa, 401. 
Methods— 

apparent density, 351-362. 
hypoiodite, for organic matter, 461-478. 
identification of clay minerals by x-ray 
patterns, 109-136. 

Microorganisms— 

effects on inorganic sulfur compounds, 57. 
reductions of sulfur, 59. 
sulfur transformation, 65-66. 
transformation of organic sulfur com¬ 
pounds, 61. 

Mineralogy, composition of an equatorial 
podzol, 230. 

Minor elements in tung leaves, 91-98. 
Nitrogen- 

absorbed from air, 208. 


Nitrogen— {coniinuei^ 
and boron, 105. 
and carbon dioxide, 147. 
content of alfalfa in relation to sulfur 
level, 21. 

effect of crop on fixation of, 137. 
fixation in rice soils, 137-152. 
in podzol, 228. 

Nitrogenous compounds— 
and clover yields, 190. 
utilization by plants, 187-205. 

Organic matter- 
content, profile of New York, 317. 
hypoiodite method for soil, 461-478. 
in equatorial podzol, 228. 

Oxygen- 

physiological effects of soil, 176. 
requirements of plants, 178. 

Particle size analysis— 
concentration of suspended solids at var¬ 
ious depths, 364. 

physical basis of hydrometer method, 
363-374. 

Permeability, effects of particle size and 
temperature, 299-300. 

Phodas, see Quagmires. ^ 

Phosphate— 
adsorption, 284. 

effects of temperature on fixation, 260. 
fixation and silica release, 275. 
in Arizona soils, 441-460. 
rate of fixation, 259, 451. 
rate of release, 448. 
reactions with clasrs, 257-272. 
reactions with kaolinite, 273-290. 
solubilities of native, 444. 
water-soluble, 446. 

Phosphorus— 
absorption by barley, 420. 
available in ethylene oxide sterilized soils, 
347. 

contents of various crops, 49. 
removal by crops, 29. 

Plants, sulfur content, 13. 

Plastic indexes of soils, effect of silicones, 
296. 

Podzol from Columbia, pedologic study, 
221-226. 

Potassium- 

exchange, Indiana soils, 240. 
fixation, relation to ammonium, 379, 381. 
release from soils, 252. 
supplying power, Indiana soils, 237-247. 
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Pressure-coQtrol unit- 
details of construction, 427. 
use in measuring moisture sorption, 427* 
430. 

Profile studies, soils of New York, 315-^328. 
Quagmires— 

formation in Nizamsagar, 335-344. 
morphology, 336. 
profiles, 339. 
remedial measures, 343. 

Radiation injury- 
apical tip and root injury, 422. 
to plants from P»*, 415-426. 
Radioisotopes— 

Ni«, 195. 

P»*, 415-426. 

S»*, 19-26; 30-61. 

Rice- 

roots, effects, 145. 
soils and nitrogen fixation, 137-152. 
Robinson, G. W., obituary, 171-174. 
Salinization- 
salts, composition, 336. 
soils of India, 334. 

Silica, release by phosphates, 280. 

Silicones, use to increase water-stability 
of soils, 291-298. 

Sodium- 

content, exchangeable, 255. 
in Iowa soils, 249-256. 
release from nonreplaceable to replace* 
able form, 249-256. 

Soil- 

acidification, effects on crops and plants, 
83-90. 

fertility, maintenance by materials ab¬ 
sorbed from air, 205*212. 
moisture- 

contents in relation to sunfiower stem 
length, 432. 

freezing point and permanent wilt, 431* 
439. 

permanent wilting, 435. 
pressure control unit, 427-430. 
series, analyses, descriptions of, or ex¬ 
periments with— 

Alford, 240; Arredondo, 93; Bedford, 
240; Brookston, 240; Cajon, 443; 
Camas, 105; Carrington, 252; Chal¬ 
mers, 240; Chehalis, 100; Chino, 
370,433; Cincinnati, 240; Clermont, 
240; Crosby, 240; Edina, 252; Face- 


Soil—(conimusd) 

ville, 93; Fairmont, 240; Fayette, 
262; Fenner, 315; Fincastle, 240; 
Floyd, 262; Fort Meade, 94; Foster, 
433; Fox, 240; Frederick, 240; 
Gainesville, 93; Genesee, 240; Gila, 
443; Haig, 262; Harpster, 266; Hes¬ 
peria, 432; Hesson, 467; Honeoye, 
316; Houghton, 240; Indio, 299; 
Klamath, 105; Lakeland, 93; La- 
veen, 443; Leon, 94; Lordstown, 
387; McClellan, 443; Madera, 376; 
Mardin, 395; Marion, 252; Marshall, 
252, 292; Maumee, 33, 240; Mel¬ 
bourne, 103; Miami, 240; Mohave, 
443; Muscatene, 255; Nappanee, 
240; Newton, 240; Nicollett, 255; 
Norfolk, 93; Olympic, 467; Ora, 93; 
Orangeburg, 93; Ottawa, 366; Pa- 
chappa, 376; Palouse, 467; Parr, 
240; Philo, 240; Pima, 443; Pond, 
376; Ramona, 84; Red Bay, 93; Rus - 
sell, 240; Ruston, 93; Sagemoor, 
467; Sassafras, 153; Savannah, 93; 
Seymour, 252; Sharpsburg, 252; 
Sunrise, 443; Superstition, 302; 
Taintor, 252; Tama, 255; Tlfton, 
93; Traver, 376; Vigo, 240; Wabash, 
347; Webster, 252, 347; Weller, 252; 
Willamette, 101; Zanesville, 240, 
sulfur absorbed, 29-30. 

Soybeans, effect of sulfur treatments, 37. 

Sulfur- 
absorption, 23. 
as a soil amendment, 33. 
applications to soils, 78. 
content of fertilizers, manures, and soil 
amendments, 73-82, 
content of vegetation, 9-18. 
fertilization in California, 43-54. 
fractions in plants, 15. 
fungicides in fruit production, 67-72. 
in fertilizer industry, 1-8. 
in precipitation, 28. 
metabolism in alfalfa, 19-26. 
removal by crops, 29. 
studies of Indiana soils and crops, 27-42. 
transformation in soils by microorgan¬ 
isms, 65-66. 
translocation, 24. 

Sulfuric acid- 

growth of industrial plants, 3. 
location of plants, 2. 
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Sulfuric acid —(contmucdD 
methods of preparation, 4-6. 
relation to fertilizer industry, 7. 

Superphosphate— 
preparation, 6. 
sulfur content, 76. 

Tensiometers, causes of diurnal fluctuations 
of, 301-314. 


Tomatoes, yields and composition, 460. 
Water stability of soils, use of silicones, 
291-298. 

X-ray diffraction- 
data of soil minerals, 130-136. 
identification of minerals in soil clays by, 
109-136. 

2inc content of tung leaves, 93. 





